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ABSTRACT 
 
Plastic waste poses a serious waste management problem. Unlike paper, most plastic does not 
degrade in the outdoor environment at a fast enough rate. This issue of plastics in the 
municipal solid waste (MSW) stream became particularly important in the 1980s. Plastic 
packaging for consumer goods, compared to other forms of packaging, is increasing every 
year. Plastic packaging is now dominating the beverage, health, beauty, cosmetic, cleaning and 
dairy products. These plastics are mainly based on polypropylene (PP), polystyrene (PS), 
polyvinyl chloride (PVC), low density polyethylene (LDPE), poly (ethylene terepthalate) 
(PET) and high density polyethylene (HDPE). 
 
The recycling of these plastics has benefited all within the supply chain. However, 
reprocessing of recycled plastics is much more expensive and the quality of the recycled 
product is lower. One solution to this problem is to produce biodegradable polymers, or green 
polymeric materials. These polymers degrade quickly in the natural environment and are not 
expected to produce any toxic component during their manufacture and disposal.  
 
As nanocomposites provide considerable improvements in material properties, scientists and 
engineers are focussing on biodegradable nanocomposites having superior material properties 
as well as degradability. This thesis has investigated the properties, processing and 
performance of fully biodegradable nanocomposites that combine the aliphatic thermoplastic 
polyester, poly (lactide acid) (PLA) and the synthetic biodegradable polyester, poly (butylene 
succinate) (PBS). These biodegradable nanocomposites can be used for packaging. PLA has 
good mechanical, thermal and biodegradable properties, which make it suitable for various 
end-use applications. However, due to various other limitations and high cost of PLA, 
commercialisation is difficult. Therefore, PBS was blended with PLA to improve its 
processability and to reduce its cost. The resultant blend gives comparable properties and 
contributes towards low production cost. To further enhance the properties of this blend, 
nanometer-sized clay particles, as fillers have been added to produce tertiary nanocomposite. 
These clay particles, due to their extremely high aspect ratio and high surface area, provide 
significant improvement in structural, mechanical, thermal and barrier properties and 
flammability resistance in comparison to the base polymer.     
 
In this study, a series of poly (lactic acid) (PLA)/poly (butylene succinate) (PBS)/layered 
silicate nanocomposites were produced by using a simple twin-screw extruder. 
PLA/PBS/Cloisite 30BX nanocomposites were prepared containing 1, 3, 5, 7 and 10 wt% of 
C30BX clay, while PLA and PBS polymers compositions were fixed at a ratio of 80 to 20. All 
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the nanocomposites were prepared at 180oC extruder temperature, with screw speed of 40 rpm. 
In order to ensure good mixing, all the nanocomposite mixtures were passed twice through the 
extruder. Compression moulded samples were used to investigate morphological, rheological, 
thermal, mechanical, and gas barrier properties of these biodegradable nanocomposites. This 
study also included the validation of a gas barrier model for these biodegradable 
nanocomposites. 
 
Morphological characterisation of the blend was carried out by using scanning electron 
microscopy (SEM) while its nanocomposites characterisations were performed by wide-angle 
x-ray diffraction (WAXD), and transmission electron microscopy (TEM). WAXD indicated an 
exfoliated structure for nanocomposites having 1 and 3 wt% of clay, while predominantly 
development of intercalated structures was noticed for nanocomposites higher than 5 wt% of 
clay. However, TEM images confirmed a mixed morphology of intercalated and exfoliated 
structure for nanocomposite having 1 wt% of clay, while some clusters or agglomerated 
tactoids were detected for nanocomposites having more than 3 wt% of clay contents.  
 
Dynamic oscillatory tests performed on nanocomposites showed improvements in both 
storage and loss moduli and complex viscosities with increase in frequencies. There was not 
much change in viscoelastic behaviour at low concentration of clay (i.e. 1 and 3 wt%), while 
high clay contents strongly improved the viscoelastic behaviour of the nanocomposites. The 
percolation threshold region for these nanocomposites lied between 3-5 wt% of clay loadings. 
Liquid-like behaviour (Newtonian characteristics) of PLA/PBS blends gradually changed to 
solid-like (non-Newtonian) behaviour with the increase in concentration of clay. Shear 
viscosity for the nanocomposites decreased as shear rate increased, exhibiting shear thinning 
non-Newtonian behaviour.   
 
Tensile strength and Young’s modulus initially increased for nanocomposites of up to 3 wt% 
of clay but then decreased with the introduction of more clay. At high clay content (> 3 wt%), 
clay particles tend to aggregate. These aggregated particles cause microcracks at the interface 
of clay-polymer by lowering the polymer-clay interaction. Percentage elongation at break did 
not show any improvement with the addition of clay. However, the percentage elongation was 
improved when PBS was added to PLA.  
 
PLA/PBS blends were considered as immiscible with each other as two separate glass 
transition and melting temperatures were observed in modulated differential scanning 
calorimetry (MDSC) thermograms. MDSC showed that crystallinity of the nanocomposites 
was not much affected by the addition of clay. It can be concluded from MDSC results that 
some compatibilizer is required to make PLA and PBS polymers compatible with each other. 
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Thermogravimetric analysis showed that the nanocomposite containing 3 wt% of clay 
demonstrated highest thermal stability compared to other nanocomposites. Decrease in 
thermal stability was noticed above 3 wt% clay; however the initial degradation temperature 
of nanocomposites with 5, 7 and 10 wt% of clay was higher than that of PLA/PBS blend alone.  
 
Gas barrier property measurements were undertaken to investigate the transmission of oxygen 
gas and water vapours.  Oxygen barrier properties showed significant improvement with these 
nanocomposites, while that for water vapour modest improvement was observed.  
 
By comparing the relative permeabilities obtained from the experiments and the model, it was 
concluded that PLA/PBS/clay nanocomposites validated the Bharadwaj model for up to 3 wt% 
of clay concentration. Due to the clusters and agglomerate formation in the nanocomposites 
for higher clay contents (> 3 wt%), deviation from the Bharadwaj model was observed as 
width of silicate sheets did not remain as 1 nm.  
 
Further study may be undertaken by using more suitable clay as a dispersant to enhance the 
mechanical and gas barrier properties of the PLA/PBS nanocomposites.  
 
Key Words: Biodegradable nanocomposites; poly (lactic acid); poly (butylene succinate); 
organoclay; morphological; rheological; thermal properties; mechanical properties; gas barrier 
properties; gas barrier model. 
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NOMENCLATURE 
 
L Length of the silicate sheets  
W Thickness of the silicate sheets  
τ Tortuosity factor  
d’ Actual distance that a penetrant must travel  
d Shortest distance that penetrant would travel in the absence of layered silicate 
d(001) Basel spacing of clay layers  
Фs Volume fraction of the clay 
Фp Volume fraction of the polymer 
Ps Permeability of nanocomposite  
Pp Permeability of pure polymer  
S Sheet order parameter 
RH Relative Humidity  
λ Wavlength of radiation  
θ Half of the scattering angle  
n Order of reflection  
G’ Storage modulus  
G” Loss modulus  
γ(t) Sinusoidal strain  
σ Shear stress  
ω Frequency of oscillation 
η* Dynamic complex viscosity 
η Steady shear viscosity 
N1 First normal stress difference 
τ11 Normal stress 
 
.γ  Shear rate 
ΔH0 Heat of fusion of the crystalline component 
V Molar volume of the repeat unit 
m Degree of polymerization 
Ф Volume fraction 
P Permeability of barrier 
TR  Transmission rate 
A Area 
ℓ Thickness 
Δp Partial pressure difference across the barrier 
ΔL Change in length 
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L Original length 
w1,w2 Weight fractions of each polymer in the blend 
Tg Glass transition temperature 
χ12  Interaction parameter 
ρ Density 
ΔHm Enthalpy of fusion of pure crystalline polymer 
ΔHcm Heat of melting of pure crystalline polymer 
TiD Onset initial degradation temperature 
 α  Decomposed fraction 
 Et Activation energy 
Tmax Temperature at maximum rate of weight loss 
R Universal gas constant 
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CHAPTER 1: INTRODUCTION 
 
1.1 BACKGROUND 
 
In recent years, environmental pollution has become a great concern due to the high impact of 
plastic waste from our daily use. Modern cars, computers, aeroplanes, medical implants, 
sports equipments, and safer food packaging are highly dependent on the development in 
plastics technology. From the last few decades of 20th century, one of the rapidly growing 
areas for the use of plastic is packaging. Convenience, safety, low price and good aesthetic 
qualities are the major factors that make plastics useful for packaging in almost everything. 
  
It is estimated that, out of total plastics production, 41% is used in packaging industries, and 
47% of them are used for the packaging of food only [1]. In general, these packaging materials 
are made from polyolefins like polyethylene (PE), polypropylene (PP), polystyrene (PS), poly 
(vinyl chloride) (PVC), and polyesters like polyethylene terephthalate (PET), etc. These 
polymers mostly produced from fossil fuels are used and then discarded into the environment, 
which end up as undegradable wastes. This undegradable solid waste is becoming a global 
environmental problem these days. 
 
Till now, two approaches were used that could control the problem of plastic wastes and help 
to keep the environment pollution free. First one is the storage of waste at landfill sites. But 
due to a very fast growing consumption, satisfactory landfills are limited.  Also, burial of 
plastics wastes in the landfill is a time bomb for the future generations. 
  
Second approach is the utilization, which can be divided into further two steps: incineration 
and recycling. Incineration of waste materials converts the waste into ash, flue gases, 
particulates, and heat, which can in turn be used to generate electricity. This means that 
incineration can replace land filling. But incineration produces a large amount of carbon 
dioxide (CO2) which contributes to global warming, and sometimes produces toxic gases 
which also contribute to global pollution. On the other hand, recycling somehow solves the 
problem a little bit, but it requires considerable expenditure of labor and energy: collection of 
plastics wastes, separation according to the types of plastics, washing, grinding and, only then, 
reprocessing to a final product. So this makes packaging from recycling more expensive and 
the quality of the recycled plastic is also lower than that of the material produced directly by 
the primary manufacturer. 
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One of the possible solutions of this problem is to replace the commodity synthetic polymers 
with the biodegradable polymers which are readily susceptible to microbial action. These 
materials are called green polymeric materials that would not involve the use of toxic or 
noxious components in their manufacture and could degrade in the natural environment.  
These biodegradable materials have become an area of great research challenge for material 
scientists, researchers and engineers to develop matchable properties so that they can replace 
commodity plastics.  
 
A lot of research has been carried out in the preparation of blends or conventional composites 
using inorganic or natural fillers, respectively to improve the properties of polymers. Inorganic 
nanoscale particles used as fillers in the polymeric matrix, remarkably enhance the material 
properties as compared to the pristine polymer. Polymer/ clay nanocomposites show improved 
properties including high moduli [2-5], increased strength and heat resistance [2-6], decreased 
gas permeability [2-5, 7-10] and flammability [3, 11-13] and increased biodegradability [14, 
15]. 
 
Fillers used to prepare nanocomposites are similar to the conventional fillers, except that at 
least one dimension of the reinforcing material should be in the range of a nanometer scale. 
Mostly used nanoreinforcements are layered silicate clay mineral due to its easy availability, 
low cost and more importantly environmental friendliness. Montmorillonite, hectorite and 
saponite are the most commonly used layered silicates. These crystalline materials consist of 
layers made up of two tetrahedrally coordinated silicon atoms fused to an edge-shared 
octahedral sheet of either aluminium or magnesium hydroxide. The length of the individual 
sheets can range from 30 to ~ 2000 nm depending on the particular layered silicate. These 
nanoscale fillers are significant because with very low level of nanofillers incorporation (≤ 5 
wt%) results in high enhancement in the properties due to high aspect ratio and high surface 
area. Nanocomposites are easy to process, recyclable and relatively inexpensive also due to 
the clay used as filler.   Moreover, the efficiency of this reinforcement in nanocomposites 
matches the efficiency of conventional composites with 40-50 wt% of loading with classical 
fillers.  
 
If the polymer itself is biodegradable in its neat form then, nanocomposite made from it will 
provide enhanced biodegradable property in addition to any other improved properties such as 
mechanical, physical, thermal, rheological, and gas barrier properties. This study will help to 
develop a biodegradable material, with desirable properties such as high tensile strength, 
higher thermal stability and most importantly low permeability and cost as compared to the 
commercially available plastics material. This nanocomposite will have the potential to 
replace many non- biodegradable plastics currently available for packaging applications. 
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Nanoreinforcements of biodegradable polymers have strong promise in designing eco-friendly 
green nanocomposites for many applications. 
 
1.2 SCOPE AND OBJECTIVES OF THE STUDY 
 
The present study is part of a larger project with the main objective of solving the problem of 
solid waste caused by daily use of plastics in packaging. Incorporation of organically modified 
silicate clay plays a significant role in improving gas barrier properties as well as other 
mechanical, thermal, rheological and processability of biodegradable polymers. The 
development of a biodegradable nanocomposite with improved or modified material properties 
and high gas barrier performance is expected to replace many of the non-biodegradable 
commodity plastics in packaging applications. 
 
This project aims to develop a polymer/clay nanocomposite with superior gas barrier property 
while maintaining good physical, mechanical, thermal and rheological properties compared to 
the neat polymer. The polymers in this project will be specifically biodegradable polymers so 
that the biodegradable polymer nanocomposites with improved properties may become a 
possible solution for the environmental hazardous issues caused by the solid waste of non-
biodegradable polymers or their nanocomposites. Comparable properties of these 
biodegradable nanocomposites with those of commercially available food packaging materials 
can assess their suitability as a replacement for non-biodegradable plastics currently in 
industrial and domestic use.  
 
The specific objectives of this research work are to: 
 
a) Prepare nanocomposites of two biodegradable polymer blends by melt-intercalation 
process using a laboratory-scale twin-screw extruder.  
b) Investigate structural/morphological characterisation by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM). Both these characterisations are essential 
because they reveal the microstructure of the nanocomposites.  
c) Investigate the enhancement of the barrier properties of the nanocomposites using 
MOCON oxygen and water vapour transmission unit and then to correlate the data with 
any existing models to verify the results. 
d) Explore how gas barrier property is affected by the presence of clay in the polymer matrix. 
e) Carry out physical/mechanical, thermal and rheological properties of the prepared 
nanocomposites.  
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CHAPTER 2: LITERATURE REVIEW 
 
 
Many researchers till date have studied the development of some alternative solutions for the 
non-biodegradability of the plastics. Researchers have succeeded in developing polymer 
nanocomposites from biodegradable polymer and clay, having better physical 
properties/mechanical properties, gas permeability, flammability, and thermal stability. This 
chapter will provide a brief description of the current literature related to the project as well as 
theoretical analysis of various techniques of preparing polymer nanocomposites, their general 
properties and applications. It will also identify limitations in the proposed area, which would 
demonstrate the need for work in this particular area. 
 
2.1 POLYMER NANOCOMPOSITES 
 
Polymer/layered silicate (PLS) nanocomposites have attracted great interest, both in the fields 
of industry and academia, because of the remarkable improvement in materials properties as 
compared to virgin or neat polymer and conventional microcomposites. Addition of 
organically modified layered silicates has contributed more towards the properties 
improvement and also added momentum recently. But the two major findings have simulated 
the revival of interest in this field: first, when researchers at Toyota developed the first 
nanocomposite material constructed from an organophilic clay montmorillonite (MMT) and a 
polymer Nylon-6 [16]. These new materials showed superior mechanical, thermal and barrier 
properties as compared to the pure polymer materials. Second,  was the observation made by 
Vaia et al. [17], addressing a versatile approach which was based on direct polymers and 
layered silicates melt-mixing for the production of nanocomposites, without the use of any 
organic solvent. 
 
 
2.1.1 Types of Nanocomposites 
 
Layered silicates (clays) generally used to prepare nanocomposites have layers (or sheets) 
thickness of maximum 1nm and a very high aspect ratio of 10-1000. Aspect ratio is length 
divide by two times the width or thickness of the silicate sheets (L/2W). By distributing the 
silicate particles properly in the polymer matrices an aspect ratio as high as 1000 can be 
obtained. Aspect ratio of clay affects significantly the physical and mechanical properties of a 
nanocomposite. Depending upon the preparation techniques, mechanical shear, residence time 
and type of mixer used to produce the nanocomposite, different types of morphologies are 
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possible. They are phase-separated (microcomposite), intercalated (nanocomposite) and 
exfoliated (nanocomposite) as shown in figure 2.1-1. 
 
A traditional microcomposite is obtained when the polymer chains are not at all intercalated 
between the silicates sheets which indicated a phase separated composite (figure 2.1.1-1(a)). 
Phase separated composites maintain immiscibility between the polymer and the inorganic 
materials. There is minimal reinforcement by the fillers, thus enhancement in the properties 
are negligible in this structure. A well ordered multilayer morphology built up with the 
alternating polymeric and inorganic layers is called as intercalated nanocomposite (figure 
2.1.1-1(b)). In this a single or more than one polymer chain can intercalate between the silicate 
layers resulting in a well ordered structure. Due to the penetration of the polymer chains into          
       
    
Figure 2.1-1: Morphologies obtained when layered clay is associated with a polymer (a) 
phase-separated microcomposite; (b) intercalated nanocomposite and (c) exfoliated 
nanocomposite. 
 
  
the interlayer galleries, the distance between the silicate sheets increase. An exfoliated or 
delaminated nanocomposite (figure 2.1.1-1(c)) is obtained, when the individual silicate sheets 
or layers are completely and uniformly distributed in a solid or liquid polymer matrix. The 
distance between the silicate layers depends on the clay loading in exfoliated nanocomposites. 
This structure occupies maximum reinforcement because of the proper dispersion of the clay 
resulting in huge surface area. 
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2.1.2 Biodegradable Nanocomposites 
 
Due to the day by day increment in the environment pollution caused by the non-
biodegradable plastics, academic researchers, material scientist, environmentalists and 
industrial engineers have been attracted towards the biodegradable polymers from the past few 
decades. After various advancements and technologies biodegradable materials are showing a 
number of excellent and promising properties for many applications, including packaging, 
automotive, food and drinks packaging, and biomedical applications. As these polymers are 
biodegradable, these can be the solution for the plastic solid waste. 
 
Biodegradable plastics are polymeric materials in which at least one step in the degradation 
process is through metabolism in the presence of naturally occurring organisms. 
Biodegradable polymers can be classified according to their source [18]: 
 
o Polymers directly extracted from biomass such as polysaccharides, proteins, polypeptides 
and polynucleotides. 
o Polymers produced by classical chemical synthesis using renewable bio-based monomers 
or mixed sources of biomass and petroleum like polylactic acid or bio-polyesters. 
o Polymers produced by micro-organism or genetically modified bacteria like 
polyhyroxybutyrate, bacterial cellulose, pullan etc. 
  
These biodegradable materials are called as green polymeric materials because it would not 
involve the use of toxic or noxious component for their manufacture. It would degrade in the 
natural environment by its own causing no harm to the nature. Biodegradable polymers are 
made from bio-sources like corn, wood, cellulose etc. or can be synthesized from small 
molecules like butyric acid or valeric acid that give polyhyroxybutyrate (PHB) and 
polyhydroxyvalerate (PHV) [19]. Many others biodegradable polymers can be obtained form 
the petroleum based sources like PBS, PCL etc. The best known petroleum source-derived 
biodegradable polymers are aliphatic polyesters or aliphatic-aromatic co polyesters, but 
biodegradable polymers from renewable sources like polylactides (PLA) are attracting much 
attention because of more eco-friendliness [2]. These polymers are eco-friendly from their 
origin to composting.  
 
Many blends, composites and nanocomposites have been prepared using inorganic or natural 
fillers to improve the properties of the plastics. Thermal stability, gas barrier properties, 
strength, low melt viscosity, good physical properties and flammability are among the 
properties that can be achieved by multiphase system. So, preparation of biodegradable 
polymers-based nanocomposites would also enhance its properties and biodegradability. On 
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the other hand, nanoreinforcement of the pristine biodegradable polymers to obtain 
nanocomposites will also improve some of the properties of the biodegradable polymers like 
high gas permeability, low heat distortion, brittleness, low processibility and high cost that 
restrict their uses in wide range of applications.  
 
2.1.3 Structure and Properties of Layered Silicates 
 
The layered silicates commonly used in nanocomposites belong to the structural family called 
as the 2:1 phyllosilicates [3]. Montmorillonite, hectorite and saponite are the most commonly 
used layered silicates. Their typical structure is given in figure 2.1-2 and their chemical 
formulas are shown in table 2.1-1. These crystalline materials consist of two-dimensional 
layers made up of two tetrahedrally coordinated silicon atoms fused to an edge-shared 
octahedral sheet of either aluminium or magnesium hydroxide. The layer thickness is around 1 
nm and the lateral dimensions vary from 30 to ~ 2000 nm depending on the particular layered 
silicate. These layers arrange themselves to form stacks with a regular van der walls gap in 
between them. This gap is called the interlayer or the gallery [5]. Isomorphic substitution 
within the layers generates negative charges that are counterbalanced by alkali or alkaline 
earth cations situated in the interlayer to render hydrophilic fillers into organophilic. For 
example, Al3+ can be replaced by Mg2+ or by Fe2+, or Mg2+ can be replaced by Li+ [3].  This 
substitution creates negative charge on the surface of silicate layers, and hence, the polymers 
matrices can react interact more readily. The modified clay (or organoclay) being organophilic 
may be able to intercalate with the galleries, under well defined experimental conditions. 
 
 
             
Figure 2.1-2: Structure of 2:1 phyllosilicates [5]. 
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Table 2.1-1: Chemical structure of commonly used 2:1 phyllosilicatesa    [3]. 
 
2:1 Phyllosilicate General formula 
Montmorillonite Mx(Al4-xMgx)Si8O20(OH)4 
Hectorite Mx(Mg6-xLix)Si8O20(OH)4 
Saponite Mx(Mg6(Si8-xAlx)O20(OH)4 
a M=monovalent cation; x=degree of isomorphous substitution between 0.5 and 1.3). 
 
There are two particular characteristics of layered silicates generally considered for PLS 
nanocomposites [20]: 
 
o Their ability to disperse into individual layers. 
o Their ability to fine-tune surface chemistry through ion exchange reactions with organic 
and inorganic cations and thus compatible with organic polymers. 
 
2.1.4 Structure and Properties of Organically Modified Layered Silicate (OMLS) 
 
Pristine layered silicates usually contain hydrated Na+ or K+ ions [21]. In this pristine state, 
layered silicates are only miscible with hydrophilic polymers, such as poly(ethylene oxide) 
(PEO) [22], or poly(vinyl alcohol) PVA) [23]. In order to render these hydrophilic layered 
silicates miscible with other polymers matrices also, these must be converted into an 
organophilic silicate layers. Thus intercalation of many other engineering polymers will be 
possible. Generally, this can be done by ion-exchange reactions with cationic surfactants 
including primary, secondary, tertiary and quaternary alkylammonium or alkylphosphonium 
cations. Alkylammonium or alkylphosphonium cations lower the surface energy of the 
inorganic material and improve the wetting characteristics of the polymer matrix. This 
modification helps in dispersion of clay in the polymer matrix. Sometimes, the 
alkylammonium or alkylphosphonium cations can provide functional groups that can react 
with the polymer matrix, or in some cases initiate the polymerization of monomers to improve 
the strength of the interface between the inorganic material and the polymer matrix [24, 25].  
 
Structural characterisation to determine the orientation and arrangement of the alkyl chain was 
performed using wide angle x-ray diffraction (WAXD). Previously, Lagaly [26] thought that 
the alkyl chains lay either parallel to the silicate layers forming mono or bilayers, or radiate 
away from the silicate layers forming mono or bimolecular arrangements as shown in  figure 
2.1-3. 
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Figure 2.1-3: Alkyl chains arrangement in layered silicates: (a) lateral monolayer; (b) lateral 
bilayer; ( c) paraffin-type monolayer and (d) paraffin-type bilayer [26]. 
 
However, Vaia et al. [27] proposed more realistic description based on FTIR experiments. 
They found that the intercalated chains exist in states with varying degrees of order. In general, 
as the interlayer packaging density or the chain length decreases or the temperature increases, 
the intercalated chains adopt a disordered, liquid-like structure resulting from an increase in 
the gauche/trans conformer ratio. They reported that when the available surface area per 
molecule is limited, the chains are not completely disordered but retain some orientation 
similar to that in the liquid crystalline state as shown in figure 2.1-4. 
 
          
Figure 2.1-4: Alkyl chain aggregation models: (a) short chain length; isolated molecules, 
lateral monolayer; (b) medium lengths: in-plane disorder and interdigitation to form quasi 
bilayers and (c) long length: increased interlayer order, liquid crystalline-type environment 
[27]. 
 
2.2 GAS BARRIER PROPERTIES 
 
Improvement in gas barrier properties especially at low concentrations of the layered silicate 
loadings (<5 wt%) have been reported in available bibliography for polyimide [10, 28], 
polycaprolactone [29], and poly (vinyl alcohol) [30] polymer matrices. Simultaneous 
enhancement in other properties like mechanical, thermal, and flame resistance have also been 
seen. All these properties are improved in nanocomposites as compared to the conventional 
phase-separated composites due to the good dispersion of the layered silicates in a polymer 
matrix. 
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2.2.1 Barrier Properties of Polymer-Layered Silicate Nanocomposites  
 
Enhancements in various properties are well-known in polymer-silicate nanocomposites; their 
main dependence is on the distribution of the silicate layers in the polymer matrices. However, 
main factors behind the improvement in gas barrier properties are not fully understood yet. As 
clays are crystalline materials, they are believed to increase the barrier properties by creating a 
maze or “tortuous path” (figure 2.2-1) that restricts the progress of the gas molecules to pass 
through the polymer matrices [31].  
 
             
Figure 2.2-1: Formation of tortuous path in PLS nanocomposites [20]. 
 
According to Nielsen [31], if the fillers are impenetrable to a diffusing gas or liquid molecule, 
then the diffusing molecule must go around the filler particles. This distance travelled by the 
molecule in the presence of the filler is called as tortuous path. He introduced tortuosity factor 
(τ) which is defined as the ratio of the actual distance (d’) that a penetrant must travel to the 
shortest distance (d) that it would have travelled in the absence of the layered silicate. He 
added that thin plates like structured fillers instead of cubical shape showed a dramatically 
improvement in permeability. Large L/W ratio (where L is the length of the filler particle and 
W is the thickness of the filler plates) can dramatically reduce the permeability only if the 
particles are oriented in such a way that their flat surfaces are parallel to the surfaces of the 
film. Nielsen also stressed that incomplete filler dispersion, voids, and only partial orientation 
of the particles should result in reverse affect in permeability.  
 
Tortuosity factor (τ) is expressed as: 
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where Фs is the volume fraction of the sheets. 
 
The effect of tortuosity on the permeability is expressed as: 
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where Ps  and Pp represent the permeabilities of the nanocomposite and pure polymer, 
respectively. 
 
Till now, enhancements in gas barrier properties depend on factors such as the relative 
orientation of the sheets in the matrix and the state of aggregation and dispersion i.e. 
intercalated, exfoliated, or mixed morphology are not well understood. Bharadwaj [8] invoked 
a simple model developed earlier by Nielsen correlating between the sheet length, 
concentration, relative orientation, and state of aggregation of the filler in the polymer matrix. 
This new model provided guidance in the design of better barrier materials using the 
nanocomposite approach.    
 
Bharadwaj [8] predicted from equation (2) that the relative permeability is a function of the 
silicate sheet length. The relative permeability of H2O in polyimide-montmorillonite 
nanocomposite also reproduced the observed concentration dependence according to the 
equation (2) [10]. Based on equation (2), the relative permeabilities at several different silicate 
volume fractions are shown in figure 2.2-2 as a function of sheet length. All the curves are 
showing progressively low relative permeabilities as a function of increasing concentration 
and sheet length. Extremely large length-to-width ratio of the silicate sheets showed a 
significant increase in tortuosity. From figure 2.2-2, no significant reduction in the relative 
permeability regardless of the sheet length beyond Фs = 0.05 can be noticed. This is in 
agreement with experimental observations also [4, 5, 10, 28-30].  
 
                    
Figure 2.2-2: Dependence of relative permeability on the sheet length at several different 
volume fractions of the silicate sheet as obtained from equation (2) [8]. 
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Chang [32] reported O2  gas permeability of PLA nanocomposites. Table 2.1-1 showed O2 gas 
permeability of PLA nanocomposites prepared by three different organically modified layered 
silicates (OMLS) clays using melt intercalation technique. Increase of the tortuous paths in 
nanocomposites in the presence of the clay content can be noticed. The permeability value of 
the nanocomposites decreased to half of the PLA permeability value, regardless of the nature 
of the OMLS. 
 
Table 2.2-1: Oxygen gas permeabilities of PLA/OMLS hybrid films [32]. 
 
 O2  gas (cc/m2 /day) 
OMLS clay (wt%) Hexadecylamine-
montmorillonite 
 (C16-MMT) 
Dodecyltrimethyl 
ammonium bromide-
montmorillonite 
(DTA-MMT) 
Cloisite 25A 
(C25A) 
0 (pure PLA) 777 777 777 
4 449 455 - 
6 340 353 430 
10 327 330 340 
 
 
The arrangement of the sheets normal to the direction of gas molecule diffusion results in the 
highest tortuosity. A range of relative orientations of the sheets with respect to each other and 
the plane of the film may be envisaged as illustrated in figure 2.2-3. The two extremes, planar 
and orthogonal alignment of the sheets, may be treated by simply interchanging L and W in 
equation (1). Bharadwaj [8] modified the tortuosity factor to include the orientational order, 
and the relative permeability is given by: 
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The above expression reduces to equation (2) when S = 1 (planar arrangement) (maximum 
tortuosity) and provides approximately the permeability of the pure polymer when S = -1/2 
(orthogonal arrangement) which can be observed in figure 2.2-3. He also added that as the 
sheet length increases, the increase in the L to W ratio reduces the dependence of permeability 
on the relative orientation. Longer sheets (L >500 nm), the barrier property degrades only in 
the range -1/2 ≤ S ≤ 0 at Фs = 0.05 [8]. Further, Bharadwaj concluded that incorporating sheets 
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with L > 500 nm with random orientation is more beneficial for barrier property as the case 
where the sheets were aligned perpendicular to the diffusing path.    
 
 
Figure 2.2-3: Effect of sheet orientation on the relative permeability in exfoliated 
nanocomposites at Фs = 0.05 and W = 1 nm [8].   
 
Bharadwaj [8] also gave explanations regarding the state of delamination  of the sheets in the 
polymer matrix. Exfoliation appears to be the critical factor in determining the maximum 
performance of polymer nanocomposites for barrier applications. A significant decrease in the 
permeability of O2 gas through the near exfoliated PLA-nanocomposite relative to the pure 
polymer (PLA) was clearly observed [33]. This showed the direct benefit of the formation of 
the tortuous path. Bharadwaj added, as seen in figure 2.2-4, relative permeability is sensitive 
to incomplete delamination especially true for shorter sheet lengths. He concluded that, at L = 
1000 nm, the relative permeability is ~ 0.05 for W = 1 nm and 0.2 for W = 7 nm. While for L 
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= 500 nm, relative permeability changes from 0.1 to 0.3 for W = 1 to 7 nm, underscoring the 
need for complete exfoliation of the silicate sheets. 
 
 
 
Figure 2.2-4: Effect of incomplete exfoliation on the relative permeability [8].  
 
Other researchers Gusev and Lustic [34] gave rational design of nanocomposites for barrier 
applications. They considered that the presence of high aspect-ratio atomic-thickness 
nanoplatelets can lead to some molecular level transformations in the polymer matrix. It 
would be very interesting to understand the effect of the changes in the local gas permeability 
coefficients on the overall barrier properties of the nanocomposites. The favourable 
interactions between PLA and silicate layers gave disordered intercalated system of 
PLA/saponite (SAP) [35]. As a result of the formation of phosphonium oxide by the reaction 
between the hydroxyl edge group of PLA and alkylphosphonium cation, it was concluded that 
the barrier property of PLA/SAP shoot up unexpectedly higher than that of the other systems 
[35].   
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Messersmith and Giannelis [9], observed  dramatic reduction in water permeability through 
composite films of PCL/OMTS (organically modified mica-type silicate) containing modest 
amounts of silicate. This reduction was due to dispersion of impermeable high aspect ratio 
silicate layers within polymer matrix. Gorrasi et al. [36] also investigated the effect of clay 
dispersion on the vapour barrier properties of polycaprolactone (PCL) montmorillonite 
nanocomposites. They obtained exfoliated nanocomposites by in situ ring opening 
polymerization of ε-caprolactone with organo-modified montmorillonite (MMT-(OH)2) by 
using dibutyl dimethoxide as an initiator/catalyst. They also formed intercalated 
nanocomposites by melt blending with OMLS. The barrier properties were studied for water 
vapour and dichloromethane. The water sorption increased with increase of MMT content 
especially for the microcomposites containing the unmodified MMT. Both microcomposites 
and intercalated nanocomposites showed thermodynamic diffusion parameters, D0, very close 
to PCL polymer. However, as expected exfoliated nanocomposites showed much lower values, 
even for small MMT content. In the case of organic vapour, the D0 parameters were similar to 
those of the unfilled PCL; while, both exfoliated and intercalated nanocomposites showed 
lower values confirming that it is not the content of clay alone but the type of dispersion of the 
inorganic component in the polymer phase that is important for improving the barrier 
properties. 
Like other nanocomposites, the permeability of O2 through the crosslinked polyester 
nanocomposites films decreased relative to the pure crosslinked polyester film. Bharadwaj et 
al. [37] also concluded that the barrier property of nanocomposites is profoundly impacted by 
the degree of dispersion of intercalated layers in the polymer matrix. They noted that at 2.5 
wt% clay content permeability was lower than that of other concentrations. In order to 
understand this behaviour, authors draw two theoretical curves with two different aspect ratios 
(L/2W) values as shown in figure 2.2-5 [37]. 
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The two curves represent the permeability values as calculated from the Nielsen theoretical 
expression of equation (4) with two different aspect ratios, L/2W=100 and 28. It represents 
different degrees of delamination. The 2.5 wt% data point in the figure below corresponded 
closely to the effective L/2W value of 100 (greater dispersion of silicate sheets). At higher and 
low clay concentrations, the curve best fit by an L/2W value of 28 (a higher degree of 
aggregation). By TEM and XRD, it was found that at 2.5 wt% limited exfoliation on more 
global scale occurred in addition to the intercalated/exfoliated aggregates. That is the reason 
why, the decrease in permeability was also far greater.  
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Figure 2.2-5: Oxygen gas permeability of the crosslinked polyester-clay nanocomposites as 
function of clay volume fraction at 40oC and 90% relative humidity. The filled circles 
represent the experimental data [37].  
  
Auras et al. [38] investigated the barrier properties of PLA films only and found comparable to 
synthetic polymers like polystyrene (PS) and polyethylene terephthalate (PET). Authors found 
that the CO2 permeability coefficients for PLA resins were lower than that for crystal PS at 
25oC and 0% RH (1.55 x 10-16 kgm/m2 sPa [39], but higher than those for PET (1.73 x 10-18 and 
3.17 x 10-18  kgm/m2 sPa at 0% RH at 25oC, respectively). The O2 permeability coefficients of 
PLA are about 20 times lower than the values reported for PS at 25oC: 2.7 x 10-17 kgm/m2 sPa 
[40]. However, they are higher than O2 permeability coefficient for PET: 1.88 x 10-19 
kgm/m2sPa measured at 25oC and 70% RH. 
 
Cava et al. [41] compared the barrier properties of biodegradable plastics and their 
nanocomposites  with PET for food packaging applications. Figure 2.2-6 shows permeability 
to oxygen for a number of materials. It is seen that the biodegradable materials have higher 
oxygen permeability compared to PET at 21oC and 40% RH, however, their nanocomposites 
have marginally lower permeability to the test gas than its pure component. 
 
Strawhecker et al. [30] measured the water vapour transmission rates (WVTR) of pure poly 
vinyl alcohol (PVA) and its low concentration nanocomposites. These researchers found that 
the permeabilities decreased to about 40% of the pure WVTR values for lower silicate 
loadings only up to 6 wt%. 
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Figure 2.2-6: Oxygen permeability of biomaterials, nanobiocomposites and other reference 
materials [41]. 
 
Yano et al. [28] investigated Helium gas permeability  for polyimide-clay hybrid which also 
showed reduction in permeability coefficient. 
 
Okamoto et al. [42] reported O2  gas permeability of PBS nanocomposites with three different 
types of OMLS (C18-MMT, qC18-MMT, qC16-SAP) as shown in table 2.2-2. The 
permeabilities were according to the aspect ratio of dispersed clay particles in various 
nanocomposites. Higher the aspect ratio in the nanocomposites i.e. aspect ratio of PBS/C18-
MMT > PBS/qC18-MMT> PBS/qC16-SAP, lower is the permeability.  
 
Table 2.2-2 : Oxygen Gas Permeability of neat PBS and nanocomposites [42]. 
 
O2  gas (ml.mm/m2 .day.MPa) 
PBS PBS/C18-MMT PBS/qC18-MMT PBS/qC16-SAP 
87.3 42.2 69.0 71.2 
 
Zoppi et al. [43] introduced the inorganic filler in the copolymer of polyamide and 
poly(ethylene oxide) blocks i.e. poly(ethylene oxide-b-amide-6) (PEBAX). Authors found a 
clear effect of the inorganic phase on the gas permeability. Messersmith and Giannelis [9] 
measured permeability of water through composite films of (PCL) poly (ε-caprolactone) 
containing modest amounts of organically modified mica-type silicate (OMTS). The 
permeability of nanocomposites containing as low as 4.8% silicate by volume was reduced by 
nearly an order of magnitude compared to pure poly (ε-caprolactone).  
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From the above instances it is clear that PLS nanocomposites show enhanced barrier 
properties when the inorganic fillers are dispersed uniformly in the polymer matrix. Nielsen 
[31] and Bharadwaj [8] provided an explanation in terms of a physical properties parameter  
model to address the issue of barrier properties in PLS nanocomposites. Both the models are 
based on the tortuosity factor.  The correlation between the sheet lengths, inorganic 
concentration, relative orientation of the sheets, and the state of delamination or aggregation 
described in the Bharadwaj [8] publication is expected to provide more guidance in the design 
of better barrier materials using nanocomposite approach. 
 
The equations related to the permeability and tortuosity were developed to understand the 
diffusion of small molecules in conventional composites, however, they do extremely fit in 
predicting and relating the experimental results for the relative permeability in PLS 
nanocomposites. The main assumption of above model is that the sheets are placed such that 
the sheet normal is coincident with the direction of diffusion. Clearly, this arrangement results 
in the highest tortuosity. Any deviation from this arrangement would lead to deterioration in 
the barrier properties. Also, a sheet like morphology is particularly efficient at maximizing the 
path length of the penetrant to travel due to the large length-to-width ratio compared to 
spheres or cubes.  
 
2.3 MORPHOLOGICAL CHARACTERISATION OF THE POLYMER-
LAYERED SILICATE NANOCOMPOSITES 
 
There are three main types of composites that may be obtained when silicate layered clay is 
associated with a polymer matrix. They are phase-separated (microcomposite), intercalated 
(nanocomposite) and exfoliated (nanocomposite) as shown in figure 2.1-1. These arise from 
the interaction of layered silicates and polymers. These inorganic filler layers arrange 
themselves to form stacks with a regular van der walls gap in between them. This gap is called 
the interlayer or the gallery [5]. When the polymer chains are unable to intercalate between the 
silicate sheets, a phase separated composite called microcomposite is obtained. When the well 
ordered multilayer morphology of polymer chain/s is intercalated between the silicate layers 
that structure is called as intercalated structure. In this the silicate layers are not fully dispersed 
in the polymer matrix. Some aggregated silicate layers are present in the structure. While an 
exfoliated or delaminated structure is obtained, when the silicate layers are completely and 
uniformly distributed in a continuous polymer matrix.  Generally, x-ray diffraction (XRD) and 
transmission electron microscopy (TEM) are the two complementary techniques used in order 
to identify those structures. Scanning electron microscopy (SEM) is another technique used to 
characterise the structure.  
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In order to understand more and correlate other properties (barrier properties, rheological, 
mechanical and thermal properties) of polymer nanocomposites, it is peremptory knowledge 
of their structural and morphological behaviour. Various researchers in early studies used 
techniques other than XRD, SEM and TEM. Messersmith and Giannelis (1995) [9] used solid-
state nuclear magnetic resonance (NMR) to determine the local dynamics of intercalated 
chains of ε-Caprolactone nanocomposites. Small-angle neutron scattering (SANS) was also 
used by Krishnamoorti et al. to obtain detailed structural information including the 
conformation of polymer chains and the orientation and arrangement of the host layers on PLS 
nanocomposites prepared with deuterated polymers [25]. 
 
Pluta et al. [44] studied the spherulitic structure of polylactide/montmorillonite 
nanocomposites using polarized optical micrographs (PLM). Significant crystallization-
induced phase separation in PLA and PBS blends was observed by polarized optical 
microscopy by Park and Im [45]. Recently, Chow et al. [46] studied the phase structure and 
clay dispersion in polyamide-6 (PA6)/polyethylene(PP)/organoclay systems with atomic force 
microscopy (AFM). Matsumura and Glasser [47] also used AFM to study the structure of 
cellulose-based nanocomposites. However, these days, the widely used methods to elucidate 
the morphology of polymer nanocomposites are x-ray diffraction (XRD) and transmission 
electron microscopy (TEM). Both the above methods are use unitedly together rather than 
separately to acquire the complete picture of the underlying structure of the nanocomposites. 
 
2.3.1 Wide-Angle X-Ray Diffraction (WAXD) 
 
After the clay is organically modified, the most common technique used to analyse the clay 
structure is XRD. XRD allows the interlayer d-spacing to be measured i.e. the distance 
between the basal layers of MMT clay or of any layered material. Due to the easiness and 
availability XRD is universally used to explore the nanocomposite structure [4, 5, 20, 48, 49] 
and occasionally the thermodynamics and kinetic issues of the polymer melt intercalation was 
studied  by Vaia et al. [50]. The d-spacing observed by XRD for PLS materials has been used 
to describe the nanoscale dispersion of the clay in the polymer [29]. This may led to 
identification of the intercalated or exfoliated structure of the nanocomposites by observing 
the position, shape, and intensity of the basal reflections from the distributed silicate particles. 
 
In 1969, Alexander [51] explained how x-ray diffraction (XRD) is useful in the study of solids 
due to its ability to differentiate between ordered and disordered states of silicates in 
nanocomposites. In intercalated nanocomposites, the finite layer expansion allied with the 
polymer intercalation results in the appearance of a new basal reflection corresponding to the 
gallery height. While, in an exfoliated nanocomposite structure, the large layer separation 
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allied with the delamination of the original silicate layers in the polymer matrix results in the 
gradual disappearance of any coherent x-ray diffraction from the distributed silicate layers. 
With XRD, immiscible materials can also be identified. If there is no change in d-spacing 
which means that polymer has not at all entered the gallery, thus the spacing between clay 
layers remains unchanged [52]. As mentioned earlier, XRD is known as the most useful for 
the measurement of d-spacing of ordered immiscible and ordered intercalated PLS materials, 
but it may be give incorrect conclusion of a nanocomposite being exfoliated when in reality it 
is highly disordered. Many factors, such as concentration and order of the clay, can influence 
the XRD patterns of layered silicates [52]. Morgan et al. [53] studied cyanate esters 
nanocomposites and reported the inability of XRD to properly identify differences between 
exfoliated and immiscible samples.  
 
Depending on the size of angle of deviation from the direct beam, x-ray diffraction techniques 
can be divided into two categories: - small-angle x-ray diffraction (SAXS) and wide-angle x-
ray diffraction (WAXD) [51]. According to him, any scattered beam that is larger than 2o or 3o 
will be regarded as wide-angle. However, other researchers like Morgan and Gilman [52] 
characterise various PLS nanocomposites by XRD and TEM methods by adopting angles 
greater than 1o as wide-angle. The basic principle behind WAXS or XRD is similar. From the 
sketch of the Bragg Reflection analogy (figure 2.3-1 Figure 2.3-1), it can be seen that the 
reflected waves from the two planes will be in phase when 
 
     nλ=2d sinθ,     (5) 
    
 
n is called the order of reflection. λ is the wavelength of radiation, d is the interlayer or d-
spacing, θ is half scattering angle [51].  
 
Figure 2.3-1: A sketch of the Bragg reflection analogy. 
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The above relation was first formulated by W. L. Bragg and is known as Bragg law. Cullity 
[54] tried to recall Bragg’s two geometrical facts of XRD: 
 
o The incident beam, the normal to the reflecting plane, and diffracted or scattered beam are 
always coplanar 
o The angle between the diffracted beam and the transmitted beam is always 2θ. This is 
known as the diffraction or scattering angle and it is this angle, rather than θ, which is 
usually measured experimentally.  
 
As mentioned earlier in this project, WAXD is a convenient method to determine the 
interlayer spacing of the silicate layers in the nanocomposites, however a little doubt may 
have about the spatial distribution of the silicate layers in the nanocomposites. By calculating 
the d-spacing from Bragg’s law (equation (5)), one can make an introductory assessment of 
the structure or morphology of the inorganically modified layered silicates (OMLS) and its 
allied nanocomposite. The conclusion about the intercalation or exfoliation of the 
nanocomposite can be concluded from the size, position and the intensity of the Bragg peak(s) 
with respect to the scattering angle.  
 
Figure 2.3-2 shows WAXD patterns of three different types of nanocomposites.  Typical sharp 
peaks at high scattering angle (2θ) may be produced when original OMLS clay is subjected to 
WAXD testing. Sharp peak at higher scattering angle corresponds to the periodicity or 
agglomerates of layered silicates. The intensity of the peaks corresponds to the extent of 
periodicity, thus, the higher the intensity, the larger the periodicity. Intercalated and mixed 
morphology nanocomposite show possibility of the scattering beam to scatter. The scattering 
means that the penetration of polymer chains into layered silicates have occurred. While the 
shift of the peak towards the lower scattering angle (2θ) means that polymer chains have 
moved the silicate layers apart, while, the periodicity of the layers are maintained. The shift of 
the peaks to lower scattering angles means higher d-spacing. It is worth mentioning that the d-
spacing is inversely proportional to the scattering angle according to the Bragg’s law. 
Exfoliated or delaminated morphological nanocomposites do not show any discernible peak at 
all. This suggests that a great amount of polymer has entered the gallery space, expanding the 
clay layers so far apart that d-spacing cannot be observed with XRD techniques [52]. This 
type of phenomena has also been seen with exfoliated epoxy samples [55]. In WAXS, peak is 
normally produced only when there is enough layer separation and should be beyond the 
Bragg resolution.  
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Figure 2.3-2: WAXD patterns and TEM images of three different types of nanocomposites 
[20]. 
 
Researchers, Paul et al. [56] reported the preparation of exfoliated PLA/clay nanocomposites 
by in situ coordination-insertion polymerization method. They used two different kinds of 
OMLS (Cloisite 30B (C30B) and Cloisite 25A (C25A)) for the preparation of the 
nanocomposites. Figure 2.3-3 below showed XRD pattern of C30B based nanocomposite 
feature less diffraction whereas C25A based nanocomposite has fully intercalated structure. 
This means that C30B based nanocomposite is exfoliated while C25A based nanocomposite is 
intercalated. SinhaRay et al. expressed the structure-property relationship in biodegradable 
poly(butylene succinate) (PBS) nanocomposites [57]. Authors elucidated exfoliated structure 
showing no peak and intercalated morphology with a visible peak. Recently, Chen and Yoon 
[58] prepared PLLA (poly(L-lactide)/PBS/clay nanocomposite and noticed the shift of the 
peak with increasing the concentration of the clays.  
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Figure 2.3-3: WAXD patterns of (a) C25A, (b) C30B, (c) PLA/3 wt% C25A, and (d) PLA/3 
wt% C30B; (i) 2.04 nm, (ii) 1.84 nm, and (iii) 3.28 nm [56]. 
 
2.3.2 Electron Microscopy  
 
Electron microscopy is an invaluable tool in materials chemistry research. Nanomaterials 
structural determination can be performed using scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). A TEM works like a slide projector but instead of a 
light bulb, an electron source is used [59]. The resolution of electron microscope should be 
better than that of light microscope. In order to see smaller details, a microscope of high 
voltage electrons with smaller wavelength than light is most commonly used. 
 
In SEM, the incoming electron beam is condensed into a small beam which scanned over the 
object while some desired signal is collected to form an image [60]. A TEM, on the other hand, 
produces an image that is a projection of the entire object, including the surface and the 
internal structures. The incoming electron beam interacts with the sample as it passes through 
the entire thickness of the sample. Therefore, objects with different internal structures can be 
differentiated because they give different projections. SEM can go up to 1-30 keV that is why 
it does not give better image as compared to TEM which can go up to higher electron energy 
of 80-200 keV [61]. 
 
Studies showed that XRD is not a stand-alone technique, and it should be used in conjunction 
with transmission electron microscopy (TEM). Nowadays, TEM is the second important and 
the most usable technique to study the structure morphology and composition of the 
nanocomposites. As stated earlier also, XRD patterns of layered silicates can be influenced by 
many factors like concentration and order of the clay. Thus, TEM analysis is essential to fill 
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the gap of information that other techniques and XRD alone cannot obtain. Various studies 
showed that TEM and XRD have become complimentary techniques that should always be 
carried out simultaneously together. Vaia et al. [62] stated that XRD results can be 
misinterpreted for intercalated and immiscible PLS nanocomposites that show peaks by XRD  
due to sampling problems, orientation, and poor calibration of most XRD instruments at very 
low angles. Further, these authors have cited a couple of references in their communication 
that have claimed to be exfoliated when actually the nanocomposite morphology may have 
just been disordered immiscible or disordered intercalated. Moreover, TEM analysis revealed 
a large number of delaminated single layers in polyetherimide samples which was original 
identified as immiscible by XRD [63]. Intercalated, intercalated and flocculated and exfoliated 
images can be seen in figure 2.3-2 [20]. 
 
TEM gives qualitative understanding of the internal structure, spatial distribution of the 
various phases, and views of defect structure through direct visualization. However, special 
care must be taken to guarantee a representative cross-section of the sample [20]. Zanetti et al. 
[64] stated the only one limitation provided by TEM is in its performance, where meticulous 
care must be taken in preparation of the sample unless whole day might get wasted. TEM 
sampling preparation is very costly in terms of time, testing should be done in such a way as 
to provide a representative section of the whole sample. 
 
2.4 RHEOLOGY OF POLYMER NANOCOMPOSITES 
 
Rheology is a branch of physics [65]; it means the study of the deformation and flow of matter 
[66]. The name itself defines which is derived from the greek word “rheo” meaning “to flow”. 
Rheology is studied by both university researchers and industrialists. Polymeric liquids exhibit 
a wide range of rheological phenomena. Rheological study of polymers and polymeric 
materials is very essential to have good understanding of the structure-property relationships 
which plays an important role in successful processing of polymer-based materials under 
molten state [67]. Puyvelde and co-workers [68] reviewed the status of work on compatibilized 
polymer blends, focussing on the successful use of block copolymers to control blend 
morphology. Rheological properties can also be used to gauge and predict the molecular 
orientations that are formed in materials while in the molten stage during processing and when 
frozen into the final products [69]. They further stated the necessities of rheological properties 
are to develop constitutive equations that describe the behaviour of the melt in various 
deformation histories and in the simulating of melt processing.   
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SinhaRay and Bousmina [2] stated that in the case of PLS-nanocomposites, the melt-
rheological properties are also helpful to find out the degree of polymer-filler interactions and 
the structure-property relationship in nanocomposites. Further, SinhaRay stated that this is 
because rheological behaviours are strongly influenced by their nanoscale structure and 
interfacial characteristics. From rheological measurements also, one can correlate various 
properties like mechanical, thermal, heat resistance, flammability etc. Solomon et al. [70] 
stated one of the advantages of rheology is that rheology potentially offers a means to assess 
the state of dispersion of nanocomposites directly in the melt state. He addressed 
measurements performed in melt state as an advantage of rheology relative to electron 
microscopy, x-ray scattering, dynamic mechanical analysis and mechanical testing methods 
and a battery of different rheological methods can be used to study the response of the 
nanocomposite structure to both linear and non-linear deformation. He also stated a 
disadvantage of rheological method, that they probe the hybrid structure only indirectly. 
Solomon et al. [70] explored the linear and non-linear rheology of 
polypropylene/montmorillonite hybrid materials. 
 
Rheological measurements can be divided into two main categories: 
 
o Shear rheological measurements 
? Dynamic oscillatory shear  
? Steady shear  
o Extensional rheological measurements 
 
The difference between these above tests is in the way deformation is being taken place in the 
material. Dynamic and steady shear measurements on polymer nanocomposites will be 
reviewed in the following section. 
2.4.1 Dynamic Shear Rheology 
 
As mentioned above, dynamic measurement provides useful information on the microstructure 
of the material being investigated as well as the processability of the material. Dynamic 
oscillatory shear measurements of polymeric materials are generally performed by applying a 
time dependent strain of 
 
  γ(t) = γ0 sin(ωt)                               (6) 
 
 and measuring the resultant shear stress 
 
  σ(t) = σ 0 [G’sin(ωt) + G”cos(ωt)]                 (7) 
 
 45
where G’ and G” are the storage and loss moduli, respectively, γ(t) is the sinusoidal strain, γ0 
is the strain-amplitude, σ (t) is the sinusoidal varying stress, σ0 is the stress amplitude and ω is 
the frequency of the oscillation.  
 
Generally, the rheology of polymer melts depends strongly on the temperature at which the 
measurement is carried out. Power-laws expressed by G’ α ω2 and G” α ω exhibit 
characteristic homo-polymer-like terminal flow behaviour.  During the rheological 
measurements at the temperatures and frequencies it is expected that polymer samples should 
obey power-laws. The advantages of dynamic measurement are [71]: 
 
o Non-destructive test 
o Small amount of sample is required.  
o Simultaneous measurements of both viscous and elastic properties. 
 
Dynamic measurement has the following disadvantages also [71]: 
 
o Complex mathematics involved 
o Measurement can only be carried out within the linear viscoelastic region. 
o Unlike the viscosity, the storage modulus data cannot be used in design purposes.  
 
Viscoelastic parameters (G’-storage modulus, G”-loss modulus and η*-complex viscosity) 
give useful information related to the quiescent structure of the material. There has been wide 
range of studies conducted on linear viscoelastic properties of polymer nanocomposites. 
Linear flow behaviour of delaminated end-tethered polymer layered silicate nanocomposites 
of poly (ε-caprolactone) (PCL) and nylon-6 prepared by in-situ polymerization was very first 
described by Krishnamoorti and Giannelis [72]. From the study they reported several 
important points which can be referred in their paper. They pointed out, the power-law 
dependence of the terminal region shows a dependence on the concentration of the layered 
silicates and saturates at ~ 5 wt% of silicates. Further, Ren et al. [73] showed significant 
modification of flow behaviour of nanocomposites when polymer chains are not tethered on 
silicate surface. The dynamic moduli and stress relaxation measurements suggest the presence 
of pseudo-solid-like behaviour for hybrids polystyrene-polyisoprene blocked copolymer with 
silicate loadings in excess of 6.7 wt%. These authors [73] attributed this to the mesoscopic 
structure of randomly oriented silicate layer tactoids that form a three-dimensional percolated 
network structure at low silicate loadings. 
 
Recently, SinhaRay and co-workers [57, 74, 75] conducted the dynamic oscillatory shear 
measurements of PLA and PBS nanocomposites. The master curves for G’ and G” of pure 
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PLA and various nanocomposites with different wt% of C18MMT loadings are presented in 
figure 2.4-1 while, figure 2.4-3 shows master curves for PBS and its nanocomposites. In these 
studies, they noticed a gradual change in nanocomposites behaviour from liquid-like [G’ α ω2 
and G” α ω] to solid-like with increasing clay content.     
 
 
                      
 
Figure 2.4-1: Reduced frequency dependence storage modulus (G’) and loss modulus (G”) of 
neat PLA and various nanocomposites [75]. 
  
The dynamic complex viscosity (η*) master curves for pure PLA and nanocomposites, based 
on linear dynamic oscillatory shear measurements are presented in figure 2.4-2.  
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Figure 2.4-2: Reduced frequency dependence of complex viscosity of neat PLA and 
nanocomposites [75]. 
 
 
 
                       
 
Figure 2.4-3: Master curves of storage modulus (G’) and loss modulus (G”) of PBS and 
various nanocomposites [57]. 
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Various studies showed the dependence of G’ and G” on frequency with the filler content and 
exfoliated samples display the greatest property enhancements compared to the intercalated 
ones. Mostly authors reported the following key findings regarding the rheological properties: 
 
o Percolated network superstructure forms at a much lower layered silicate filler content. 
o Dramatic increase in viscolinear properties are noticed in exfoliated nanocomposites. 
o Temperature and frequency also affect the rheological properties. 
 
Lim and Park [76] argued that rheological responses of the nanocomposites also depends on 
the interaction between the polymer and the filler. These authors illustrated this by comparing 
the rheology results on polystyrene (PS)/clay nanocomposites and PS-co-MA (maleic 
anhydride)/clay nanocomposites at low frequencies. Polystyrene (PS)/clay nanocomposites 
showed only slight improvement of both moduli while PS-co-MA (maleic anhydride)/clay 
nanocomposites exhibited a clear plateau-like behaviour, even though both the 
nanocomposites were having intercalated structures. 
 
 
2.4.2 Steady Shear Rheology 
 
 
Steady shear (η and N1) measurements for non- Newtonian materials are time dependent while 
Newtonian liquids do not show such behaviour [66]. Many industrial processes like extrusion, 
melt mixing, injection and flow material use steady simple shear flow. Steady shear 
rheological parameters are (a) viscosity [η], (b) shear stress [τ] and (c) first normal stress 
difference [N1 = τ11-τ12]. Surprisingly, rheological literature revealed that unlike dynamic or 
oscillatory shear, steady shear rheological studies have not been given significant 
consideration. However, Krishnamoorti and Silva [77] have also confirmed the importance of 
steady shear response of polymer-layered silicate nanocomposites for the processability of the 
materials.  
 
There have been many published articles that report on the steady shear rheological behaviour 
of nanocomposite systems. Krishnamoorti et al. [78] studied only shear responses to elucidate 
the role of highly anisotropic nanometer thick layers in altering the flow properties of such 
hybrids. The endless list who studied shear rheology includes Shenoy [79], Krishnamoorti and 
Yurekli [80], Han [81]. These studies reported the effect of filler concentration, size, size 
distribution, shape, surface treatment of the filler, interaction between the filler and the 
polymer, distribution of the filler in the polymer matrix and the structure of the polymer itself 
with respect to the rheology. All these factors accomplish the improvement of the properties 
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(mechanical, physical, rheological, barrier, thermal, flammability etc.) of the materials 
especially in nanocomposites. Various reported investigations stated common conclusion that 
exfoliated nanocomposites exhibit larger enhancement in properties.  
 
Most of the polymers exhibit almost Newtonian behaviour at all shears rates, whereas their 
nanocomposites show non-Newtonian behaviour. Okamota et al. [42] revealed in figure 2.4-4 
that at low shear rates, the shear viscosity of PBS nanocomposites initially exhibited some 
shear-thickening behaviour, and after that nanocomposites showed very strong shear-thinning 
behaviour. Authors owed this observation to the strong orientation of silicate layers toward the 
flow direction (may be perpendicular alignment of the silicate layers towards the flow 
direction) at high shear rates. The same kind of steady shear rheological behaviours was also 
observed in the case of neat PLA and its nanocomposites [75] and for polystyrene-
polyisoprene (PS-PI) nanocomposites [78]. 
 
   
Figure 2.4-4: Shear viscosity η of neat PBS and various nanocomposites as function of shear 
rates [42]. 
 
Shear viscosity data exhibited a Newtonian plateau even for high clay content in BAP 
(biodegradable aliphatic polyesters) /OMMT nanocomposites as observed by Lim and his co-
workers [82]. Again a similar type of behaviour was noticed by Krishnamoorti and Giannelis 
[72] in exfoliated PCL-based nanocomposites with several silicate loadings.   
 
All most all neat polymers obey the Cox-Merz [83] empirical relation, which requires 
.γ  = ω, 
the viscoelastic data obeys the relationship η (
.γ ) = *η (ω) while polymer nanocomposites 
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always exhibit deviations. Violation of Cox-Merz rule can be found in Krishnamoorti’s 
publications [78, 80]. Krishnamoorti and his co-workers found in these investigations that this 
failure in the rule also depends on the silicate concentration. They also concluded two reasons. 
Firstly, this rule is applicable for only homogeneous systems (homo-polymer melt) instead of 
heterogeneous systems (nanocomposites). Secondly, dynamic oscillatory shear gives different 
structure formation to nanocomposites as compared to steady shear [83]. 
 
2.5 MECHANICAL PROPERTIES 
 
Strength, toughness, and ductility all are mechanical properties. Mechanical properties are 
normally considered to measure tensile strength, percentage elongation at break, Young’s 
Modulus, flexural strength, compression strength etc. Unexpected large increase in moduli 
(tensile or Young’s modulus and flexural modulus) of nanocomposites at filler contents 
sometimes as low as 1 wt% has drawn a lot of attention. In the following section, current 
knowledge of the mechanical properties of nanocomposites will be summarized. 
 
2.5.1 Mechanical Properties of Polymer Nanocomposites   
 
Conventionally filled polymer systems increase modulus linearly with the filler volume 
fraction, whereas nanocomposites show a sharp increase in the modulus and to a much larger 
extent with much lower filler concentrations [20]. In the case of biodegradable polymer 
nanocomposites, literature shows that most of the studies have been reported on the tensile 
properties as a function of clay content.  
 
Shia and Hui with Burnside and Giannelis [84] proposed a theoretical model. From the model, 
they introduced the concept of the effective aspect ratio and effective volume fraction of the 
inclusions. These authors found interfacial shear stress for the elastomer-silicate 
nanocomposites by fitting their theory to the experimentally measured modulus of Burnside 
and Giannelis. Thus, Shia et al. gave reason for the dramatic enhancement of the modulus for 
such extremely low clay concentrations in the nanocomposites. It is already discussed that with 
the high aspect ratio of the layered silicate fillers, the surface area exposed to the polymer 
becomes huge and thus significant enhancement in the properties can be seen. Same is valid 
for the sharp increase of the modulus in the nanocomposites with very low filler content. 
 
Furthermore, beyond the optional limit the addition of silicate layered fillers in the polymers 
will not give that much dramatic enhancement [32]. Hybrid films of nanocomposites prepared 
by three different kinds of OMLS proved the above statement [32]. Tensile properties (Tensile 
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strength, % elongation at break and Young’s Modulus) all initially increased but then 
decreased with the introduction of more of the inorganic phase in the polymer matrix.  
 
Lee at al. [85] reported the MMT content dependence of tensile modulus of Poly(L-lactide 
acid) (PLLA) nanocomposites scaffolds. Lee and his group suggested that the layered silicates 
of MMT could act as a mechanical reinforcement of polymer chains. According to them, the 
crystallinity and the glass transition temperature of PLLA nanocomposites were lower than 
neat PLLA, but the modulus was significantly increased due to the addition of the clay. The 
glass transition temperature depends primarily on chain flexibility, molecular weight, 
branching/crosslinking, intermolecular attraction and steric effects, etc [86, 87]. Due to the low 
crystallinity and glass transition temperature of their nanocomposites, they concluded that their 
nanocomposites system seems to be interrupted by the charged MMT layers, and subsequently 
the PLLA backbone chains additionally gain the segmental mobility. 
 
Lepoittevin et al. [88] also studied mechanical properties as function of the filler content by 
tensile testing. They found the Young’s Modulus of PCL (poly ε-caprolactone) 
nanocomposites higher as compared to neat PCL, as result of the intercalated/exfoliated 
structure. Further, a detrimental effect on ultimate elongation was confirmed with the higher 
content of silicates (10 wt%). Similar observations were reported elsewhere for 
nanocomposites of thermoplastics such as poly (methyl methacrylate) (PMMA) [89], 
poly(styrene) (PS) [90] and poly(propylene) (PP) [91]. Lepoittevin and his colleagues (2002) 
[88] also studied the effect of the nature of the clay on the tensile properties of nanocomposites 
of PCL. 
 
Bharadwaj et al. [37] used the combination of the morphology and the extent of crosslinking to 
understand the unexpected result of tensile modulus with clay content in the polyester-clay 
nanocomposites. As seen from figure 2.5-1, first tensile modulus decreased with increasing 
clay content, and then the value for 2.5 wt% nanocomposite dropped expectedly. It was 
proposed that the intercalation and exfoliation of the clay in the polyester resin effectively 
decrease the degree of crosslinking. Traces of morphological study showed that the sample 
(2.5 wt%) nanocomposite have exfoliation on a global scale compared to the other sample (10 
wt%) nanocomposite. That means the crosslinking density is inversely proportional to the 
degree of exfoliation.  
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Figure 2.5-1: Tensile modulus versus clay concentration for crosslinked polyester 
nanocomposites at 23oC and 50% RH [37]. 
 
 
2.6 THERMAL CHARACTERISATION 
 
Thermal analysis is an analytical experimental technique which is used to investigate the 
physical properties of a sample as function of temperature or time under controlled conditions 
[92]. Thermogravimetry (TG), differential thermal analysis (DTA), differential scanning 
calorimetry (DSC), thermomechanometry (TMA) and dynamic mechanical analysis (DMA) 
are the various techniques used for thermal analysis. Since DSC was carried out for thermal 
analysis of the nanocomposites, it is briefly described in the following section.  
 
2.6.1 Differential Scanning Calorimetry (DSC) 
 
Differential scanning calorimetry, DSC, is a technique which combines the ease of 
measurement of heating and cooling curves with the quantitative features of calorimetry. 
Temperature is measured continuously, and a differential technique is used to assess the heat 
flow into the sample and to equalize incidental heat gains and losses between reference and 
sample [93].   
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By DSC, the following information on green polymers and related compounds can be obtained 
[92]: 
 
o The first order phase transition temperatures 
o Melting temperature (Tm) 
o Liquid crystal to liquid transition temperature  
o Crystallization temperature (Tc ) 
o Cold crystallization temperature (Tcc) 
o Glass transition temperature (Tg) 
o Heat capacity difference at Tg (∆ Cp) 
 
                                
 
Figure 2.6-1: Schematic DSC curves for the determination of transition temperatures and 
enthalpies. Tpm and Tpc are melting and crystallization peaks respectively [92]. 
 
 
 
Figure 2.6-1 shows schematic DSC curves for the determination of transition temperatures and 
enthalpies while figure 2.6-2 shows a typical DSC heating curve of amorphous polymer [92]. 
As Tg value depends on the thermal history of a sample and heating rate, it should be always 
stated along with precise experimental conditions and thermal history of the samples. 
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Figure 2.6-2: Schematic DSC heating curve showing glass transition, starting temperature 
(Tgi’), extrapolated temperature (Tgi), mid temperature (Tgm), final temperature (Teg), heat 
capacity difference at Tgi (∆Cp) and generally Tig or Tmg is reported as Tg [92].  
  
 
Miscibility and crystallization behaviour of two or more polymer blends can also be studied 
by differential scanning calorimetry (DSC). Various researchers tried to look into the 
miscibility issue of blends. Park and Im [45] did thermal characterisation of poly(L-lactic 
acid) (PLA) and poly(butylene succinate) (PBS) blends using DSC technique. If the blend 
system exhibits a single glass transition over the entire composition range and Tg value 
decreases with an increasing weight fraction of one component, which may be taken as an 
evidence of miscibility in amorphous phase. Their system also showed the same behaviour. 
 
Plasticizers contribute to an improvement in the crystallinity of a polymer [94]. SinhaRay et al. 
[35] noticed a great increase in bulk crystallinity (χ%) of the blends in comparison with that of 
pure PLA. These authors investigated the effect of different clays on the thermal properties of 
PLA polymer. For all samples at Tg authors noticed a step like change. This change is due to 
the enthalpy relaxation [95]. All samples showed exothermic peak which can be correlated to 
the crystallization of PLA. Thus, all OMLS seemed to enhance the crystallization of PLA [35].  
 
Generally, in miscible blends, the melting point of the crystalline component is lowered in 
comparison with the pure polymer as a result of a favourably thermodynamic interaction. 
These authors also reported a decrease of Tm of PLA component with increase in the PBS in 
the blends agreeing to the above statement. 
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Flory-Huggins theory provided a method to estimate the miscibility of the polymers by 
depression of the melting point. Nishi and Wang [96] proved the miscibility of 
poly(vinylidene fluoride) PVF2) and poly(methylmethacrylate) (PMMA) by using Flory-
Huggins theory. In the same way, Park and Im [45] also studied PLA/PBS blends using Flory-
Huggins theory indicating that the blends are thermodynamically miscible. 
 
According to the Flory-Huggins theory, the melting-point depression of the crystallisable 
component in the compatible blend with a non-crystallisable component can be written as 
follows: 
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where ∆Ho is the heat of fusion of the crystalline component;  
V, the molar volume of the repeat unit; and  
m and Φ, the degree of polymerization and the volume fraction, respectively.  
Subscripts 1 and 2 refer to the non-crystalline (PBS) and crystalline (PLA) polymers, 
respectively. 
 
DSC analysis showed the difference in the thermal properties compression-moulded and 
extruded samples. Krook at al. [97] did DSC experiments on the unfilled polyesteramide 
polymer and found that unfilled polymer (both compression-moulded and extruded) showed 
broad bimodal melting traces with a high melting peak at 130oC and low temperature melting 
peak at ~ 50oC. Authors considered that cooling from the melt was faster after extrusion than 
after compression-moulding.   
 
DSC analyses done by Paul et al. [98] discredited the nature of the clay to effect the glass 
transition temperature or the melting temperature of the PLA matrix. At lower content of 
Cloisite Na+, in PLA plasticized with 20 wt% poly(ethylene glycol) (PEG)  nanocomposites 
the proportion of plasticizer intercalated into the interlayer space of the clay remains 
insufficient to have an effect on the Tg of the PL matrix. Similar type of results are reported by 
Lepoittevin et al. [88] in their article in which they studied poly(ε-caprolactone) (PCL) 
composites.  
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Figure 2.6-3: Melting endotherms at different scan rates for PBS crystallized from the melt at 
83oC. 
 
As previously mentioned, in thermal analysis experimental conditions also affect the results, 
Yoo and Im [99] (figure 2.6-3) observed that the shape and the size of peaks of PBS polymer 
become smoother and bigger respectively, as the scanning rate increased. 
 
 
2.7 THERMAL STABILITY 
 
Polymers are often exposed to high temperatures during processing and/or use. Thermal 
stability is stability against degradation upon exposure to elevated temperatures in an inert 
environment (vacuum, unreactive gases such as nitrogen, helium and argon). Thermo-
oxidative stability is stability against degradation upon exposure to elevated temperatures in 
an oxidizing environment (like air) [100]. 
 
2.7.1 Thermogravimetric analysis (TGA) 
 
The thermal stability of a material is usually assessed by thermogravimetric analysis (TGA). 
The sample mass loss due to volatilization of degraded by-products after degradation at high 
temperature is monitored as function of temperature. Generally, due to the incorporation of 
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clay into the polymer matrix was found to enhance thermal stability of the resultant 
nanocomposite. It is concluded that clay acts as a superior insulator and mass transport barrier 
to the volatile products being generated during decomposition [2]. 
 
The principal methods for measuring weight loss by thermogravimetric analysis (TGA) are as 
follows [101]: 
 
o In dynamic TGA, the temperature is increased at a specific (usually constant) rate, 
normally a few degrees Kelvin per minute and the weight of the specimen is measured at 
regular intervals. 
o In isothermal TGA, the specimen is kept at a constant elevated temperature, and its weight 
is measured at regular intervals, to provide data on the weight loss as a function of time at 
the temperature of measurement. 
 
 
Blumstein [102] first introduced the improved thermal stability of a polymer-clay 
nanocomposites that combined polymethylmethacrylate (PMMA) and montmorillonite. The 
author proposed that the enhanced thermal stability of PMMA-based nanocomposites we not 
only due to difference in chemical structure, but also to restricted thermal motion of the 
macromolecules in the silicate interlayer. While, the first improved thermal stability of 
biodegradable nanocomposites was studied and reported by Bandyopadhyay and his co-
workers [103]. They prepared PLA and organically modified fluoro-hectorite (FH) or MMT 
clay nanocomposites by melt intercalation. Authors argued that the silicate layers act as a 
barrier for both the incoming gas and the gaseous by-products, which increased the 
degradation onset temperature and also widens the degradation process. 
 
By looking at the literature a lot of reports can be found on the improvement of thermal 
stability of PLA-based nanocomposites prepared with various kinds of OMLS [32, 56, 104]. 
Paul et al. [98] and Park et al. [105] both observed that like other properties optimal value 
limit of adding clay in the polymer matrix is valid in the improvement in thermal stability also. 
But a different kind of behaviour was observed by Lim et al. [82] in synthetic (biodegradable 
aliphatic polyester) BAP/OMLS nanocomposite systems. They [82] found increase in thermal 
degradation temperature and thermal degradation rate with increasing amounts of OMLS up to 
15 wt%.    
 
Tyan et al. [106] proved that the actual nature of the thermal degradation mechanism also 
determine the extent of the thermal stabilization of the nanocomposites. 
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From the previous studies, the role of the clay in the nanocomposite system may be the main 
reason behind the different TGA results. First, the clay acts as a heat barrier which enhances 
the overall thermal stability of the system and then assists the char formation for thermal 
decomposition. The heating barrier at the end results in a reverse thermal stability [2]. The 
heat accumulated in the silicate layers could be used to accelerate the decomposition process 
further in parallel to the outside heat source. 
 
2.8 SUMMARY 
 
It can be concluded that all the properties should improve if the organoclay silicate sheets are 
dispersed, uniformly and homogeneously. For instance, gas barrier properties of the 
nanocomposites enhances when the clay sheets are arranged normal to the direction of the 
direction of gas molecules. The state of delamination of the silicate sheets in the polymer 
matrix also affects the relative permeability of the nanocomposites. Exfoliated structure of the 
clay particles are considered as the main factor for the maximum performance of polymer 
nanocomposites for gas barrier applications. Figure 2.2-6 illustrated examples oxygen 
permeability of biodegradable nanocomposites. PLA nanocomposite has slightly higher 
oxygen permeability than PET but mostly biodegradable nanocomposites showed 
improvement in gas barrier property than its virgin component. In some applications 
packaging material from biodegradable nanocomposites can be used instead of non-
biodegradable polymers or their nanocomposites. 
 
Rheological properties, mechanical properties and thermals properties all revealed that 
remarkable improvements have been observed by various researchers in exfoliated 
nanocomposites. Morphological investigations of the nanocomposites have been done by 
XRD, SEM and TEM techniques. All these property improvements have direct relation with 
the morphology (i.e. silicate layer distribution in polymer matrices). Literature review has 
given various instances of biodegradable nanocomposites where mechanical and material 
properties have been enhanced with the incorporation of the organically modified layered 
silicates.  
 
Thus, this project has been designed to develop a nanocomposite system of two biodegradable 
polymers considering possible solution for replacing non-biodegradable materials or 
nanocomposites in packaging applications which are causing global environmental problems.          
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CHAPTER 3: EXPERIMENTAL 
 
 
The main aim of this chapter is to describe the properties and characteristics of the various 
polymers and organoclay used in this study. This includes details of the nanocomposite 
preparation method and how various samples were prepared. Also the experimental 
equipments and the procedures used in this research work for the measurements of different 
properties related to the characterisation of nanocomposites will be discussed. 
3.1    MATERIALS 
 
Polymer-layered nanocomposites were prepared by using two polymers, poly (lactide) (PLA) 
and poly (butylene succinate) PBS) with organically modified montmorillonite (OMMT) clay. 
General features and properties of both the polymers and the clay from the supplier are 
described below. 
 
3.1.1 Poly (lactide) (PLA) and Poly (butylene succinate) (PBS) Polymers  
 
PLA polymer (grade-4032D), a product of NatureWorks, produced by Cargill/Dow LLC 
(Minnetonka, MN, USA), kindly supplied by Ire Chem. Co., Korea was used in this study. 
This aliphatic polyester is biaxially oriented films- high heat grade of PLA with 98% L-
content and 2% D-content. Other polymer used in this study was also biodegradable polyester, 
named PBS (grade-G4460), trade name ‘EnPol’ supplied by Ire Chem. Co., Korea. Both the 
polymers are biodegradable but the difference is their resources. PLA is biodegradable 
polymer produced from renewable resources while PBS is obtained from petroleum sources. 
Table 3.1-1 gives the general properties of PLA and PBS polymers as acquired from the safety 
data sheet from the supplier. Information on PLA was obtained from the safety data sheet 
supplied by NatureWorks (USA) while PBS was acquired from safety data sheet from IRE’s 
Chem., Co. Korea. 
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Table 3.1-1: Properties of PLA and PBS polymers used in this project.   
 
Properties PLA PBS 
 
Glass Transition 
Temperature, Tg (oC ) 
 
58 (ASTM-D3418) -34 
Melting Range, Tm (oC ) 
 
160-200 95-114.7 (ASTM-D2117) 
Melting Point, Tm ( oC ) 160 (ASTM-D1003) 95 (ASTM-D2117) 
 
Density (g/cc) 1.24 (ASTM-D1505) 1.23 (ASTM-D792) 
 
Melt Index --- 1.8 (ASTM-D1238) 
 
Tensile strength, MPa 110.1 (ASTM-D882) 500 (ASTM-D638) 
 
Tensile modulus, MPa 
 
3302 (ASTM-D882) --- 
Elongation at break (%) 
 
160 (ASTM-D882) 600 (ASTM-D638) 
O2 permeability  
 
 
550 cc-mil/m2 /24hr atm 
(ASTM-D1434) 
--- 
Water vapour 
transmission rate 
325 g-mil/m2 /24hr atm 
(ASTM-E96) 
 
--- 
Applications Lamination, 
Packaging 
 
Packaging film, 
PLA resin modifier 
 
 
Chemical structure of PLA polymer is presented in figure 3.1-1. PLA, a linear aliphatic 
polyester, produced from renewable resources has attracted much attention in recent years due 
to its biodegradability and could be possible solution for solid waste problem [2]. Lactides and 
lactic acid monomers are obtained from the fermentation of crops like corn starch and sugar 
feed stocks etc. [107]. High-molecular-weight PLA is generally produced by the ring-opening 
polymerization of lactides and the lactic acid monomers [108-111]. However, the cost of ring-
opening polymerization process is very high due to the complexity of the process. The 
conversion of lactide to high-molecular-weight polylactide has been achieved by Cargill 
solvent-free process and a novel distillation process to produce a range of these biodegradable 
polymers [112]. Commercially available PLA grades are copolymers of poly (L-lactide) with 
meso-lactide or D-lactide. Melt temperature, degree of crystallization etc, are normally 
affected by the amount of D enantiomers.  
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Figure 3.1-1: Chemical structure of PLA. 
 
PLA has good mechanical and thermal properties and is readily biodegradable polymer. Thus, 
this polymer can be used for various end-use applications [113]. PLA commonly used in the 
biomedical industry, such as sutures, stents, dialysis media, and drug delivery services. Its 
good mechanical properties and absorbability makes PLA an ideal candidate for implants in 
bone or soft tissue. Due to its biodegradability, PLA is also being employed in the bioplasctics, 
loose-fill packaging and compost bags manufacturing [112]. PLA does not produce nitrogen 
oxide gas and does not damage the incinator. Thus provides significant energy savings. 
However, other properties like flexural properties, heat distortion temperature (HDT), gas 
permeability, impact strength, melt viscosity for processing, etc. are not good enough for 
applications like packaging [114]. Also high price and brittleness of PLA polymer lowers its 
possibility of commercialisation. 
 
Another most promising polymer in the family of biodegradable polyester is PBS which is 
normally known by the trade name as ‘BIONOLLE’. PBS is commercially available, aliphatic 
polyester with many interesting properties, including biodegradability; melt processability, 
high flexibility, excellent impact strength and thermal and chemical resistance [115]. PBS has 
excellent processability, so can be processed in the field of textile into melt blow, 
multifilament, monofilament, flat, and split yarn and also in the filed of plastics into injection 
moulded products , thus being another promising polymer for various potential applications 
[116, 117]. As mentioned earlier, it is petroleum based synthetic biodegradable polyester 
which is produced through the polycondensation reaction of glycols and dicarboxylic acids 
with Ire’s self developed catalyst and process technology. Main unit of EnPol polymer can be 
represented as shown in figure 3.1-2. 
 
 
                  - [-O-(CH2) a –COO-(CH2) b –CO-] n  
   where, a =4, b =2 or 4 
 
Figure 3.1-2: Chemical structure of PBS. Structural information obtained from the safety data 
sheet from Ire Chem. Co., Korea. 
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So far, the large-scale use of PLA as packaging material is hampered by its high cost as well 
as its low performances and high brittleness. Therefore, blending PLA with other suitable 
biodegradable polymer which has comparably better flexural properties, excellent impact 
strength, easily melt processible will widen its boundaries of applications. This grade of PBS 
has ability to act as PLA resin modifier and also lowers the production cost of PLA for various 
applications. Of particular interest is recently developed nanocomposite technology because 
they often exhibit remarkably improved mechanical, thermal, barrier and various other 
properties as compared to those of virgin polymers. 
 
3.1.2 Organically Modified Montmorillonite Clay (OMLS)  
 
An organically modified montmorillonite layered silicate (OMLS) was supplied by Southern 
Clay Products Inc. (USA). OMLS employed in this work is the experimental grade of Cloisite 
30B (SCPX 3016). In this thesis, this clay will be denoted as C30BX. SCP claims that this 
clay will give better properties to the nanocomposites as compared to the commercially used 
C30B. This has basically the same treatment as C30B but it is achieved via a different 
mechanism. Krikorian and Pochan [118] prepared PLA nanocomposites with three different 
clays i.e. Cloisite 30B, Cloisite 25A and Cloisite 15A. From these, fully exfoliated clay 
structure was achieved due to the favourable enthalpic interaction between diols present in the 
organic modifier with the C=O bonds present in the PLLA backbone. 
 
C30BX was produced by cation exchange reaction whereby natural MMT (Na+-MMT) was 
chemically modified with bis-(2-hyroxyethy) methyl (hydrogenated tallow alkyl) ammonium 
cations (C18H37)-N+(C2H4OH)2CH3) (figure 3.1-3). The modifier concentration for C30BX was 
90 meq/100g clay with < 2% moisture. Density of the clay is 1980 kg/m3 while d001 = 18.5 Ǻ 
[119].  
 
.      
where T is Tallow (~65% C18; ~30% C16; ~5% C14) 
 
Figure 3.1-3: Ternary ammonium salt used in the production of C30BX. Anion: Chloride [119]. 
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3.2 PREPARATION OF POLYMER NANOCOMPOSITES 
 
In this section, melt intercalation method, equipments and instruments used to prepare these 
nanocomposites and the samples for different experiments for characterisation will be 
discussed. 
 
PLA and PBS are available in pellet form. Both these polymers are stable in molten state, 
provided that extrusion and drying procedures are followed. Thus, drying prior to processing is 
very essential with these biodegradable polymers. PLA is made primarily of polylactic acid, 
which undergoes degradation during processing. According to the suppliers, NatureWorks and 
IRE’s Chem., Co., Korea, the moisture and heat in the compost pile attack the polymers, so 
moisture should be removed before processing. 
 
Pellets of both PLA and PBS were dried carefully under reduced pressure in a vacuum oven at 
a temperature of 50oC for at least 48 hours to minimize the hydrolytic degradation of 
polylactic acid-based polymer during the subsequent melt processing through the extruder. 
The PLA/PBS/clay nanocomposites were prepared by melt compounding the polymers with 
clays at 180oC using Brabender Twin Screw extruder (figure 3.2-1) at 40 rpm. If the 
preparation of the nanocomposite was carried out at high temperature (> 200oC), there would 
be high chances of degradation and colour formation; however, modified organoclay 
nanocomposites are showing thermal stability beyond 400oC. Dintcheva and Mantia [120] 
observed that severe processing conditions (longer mixing times, high temperature and shear 
stress) accelerated the thermo-mechanical degradation, possibly due to the loss of mass from 
the organoclay galleries.  The ratio of PLA and PBS for binary blends was kept fixed at 80/20 
(wt%/wt%) for all the nanocomposites. This ratio of PLA and PBS polymers has been chosen 
on the basis of mechanical, morphological and thermal properties of PLA/PBS blends of 
various compositions explored during the preliminary study. Nanocomposites of various clay 
loadings 1, 3, 5, 7 and 10 by wt% were prepared for this work.             
 
To have a homogeneous mixture, the polymers and the organoclay were passed through the 
extruder twice while maintaining the same above mentioned conditions. All the components 
were premixed in a bag by tumbling well and then fed simultaneously into the extruder to 
maintain the overall consistency. A total of 1 kg of each concentration was prepared. Good 
dispersion of the clay in the polymer matrix helps in achieving high surface area of contact 
between organoclay and the polymer matrix.  
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Figure 3.2-1: Photographic image of Twin Screw Extruder. 
 
There are many different methods to prepare polymer nanocomposites. However, the melt 
intercalation process is a very convenient approach by using a conventional polymer extrusion 
process [52]. In this process, the clay is intercalated and dispersed in the polymer melt by 
application of shear forces during compounding. Moreover, this method environmentally safe 
as no solution is required. This process is widely spread in the polymer processing industry 
due to its easiness.   
  
If screw speed is too high, the components will just pass through the extruder without having 
mixed properly and also the high viscous heating will eventually degrade the polymer. Due to 
the degradation, there will be not much improvement in various properties like mechanical, 
thermal and gas barrier in this nanocomposite system. Low screw speeds do not provide 
adequate mechanical shear force for good dispersion either and polymer can be degraded as 
well due to high residence time at high temperature. For this reason, an optimal screw speed to 
achieve substantial residence time is very necessary. PBS has melting point as 95oC while 
PLA has melting range of 160-200oC, so carefully mixing temperature and screw speed were 
decided accordingly to avoid the degradation of both the polymers.  
 
The final extruded nanocomposites were then pelletised in a Pelletiser from BERLYN, the 
Berlyn Corporation, Worcester, Massachusetts, refer figure 3.2-2. The nanocomposites were 
dried again at 50oC in vacuum oven for overnight to remove residual water content. Film 
samples of dried nanocomposites (approximately 0.3 mm thickness) for oxygen and water 
vapour transmission rate were obtained by using compression moulding machine (figure 3.2-3) 
at 200oC and compressive force (pressure) of 40 kN for 5 minutes. Those for mechanical 
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properties were also prepared by compression moulding in the same conditions but in the 
shape of dog bone according to ASTM D638. Others tests were done on 2 mm thickness 
square plaque obtained by compression moulding machine. Cooling water was used to cool the 
moulding press from 200 to 40oC. Special care was taken to ensure that all the samples had no 
air bubbles or free voids and had a uniform cross-section all through. Minimal compressive 
pressure was maintained in the hot press for the preparation of bubble-free nanocomposites 
sheets. 
 
 
    
 
Figure 3.2-2: Photographic image of pelletiser (Berlyn Corporation, Worcester, 
Massachusetts).  
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Figure 3.2-3: Photographic image of Compression Moulding Machine. 
 
 
3.3 EQUIPMENTS AND PROCEDURES FOR CHARACTERISATION 
AND TESTING 
 
Polymer-layered silicate nanocomposites are considered to be organic-inorganic hybrid 
materials that show improvement in various properties such as mechanical, thermal, barrier 
and rheological properties. Also it gives good heat resistance, easily processible, naturally 
degradable material. All the aggravated properties depend on the morphology of the polymer 
nanocomposite, interaction between the polymers and the fillers, dispersion of the organoclay 
in the polymer matrix etc. The characterisation of the nanocomposites will reveal as to 
whether the prepared system was intercalated, exfoliated or simply had phase separated 
morphology. The following section will give a brief description about the various techniques, 
measurements, methods and procedures used in this research work for the characterisation and 
property measurement of the PLA/PBS/Clay nanocomposites.  
3.3.1 Wide-Angle X-Ray Diffraction (WAXD) 
 
X-ray scattering techniques are used to analyse the clay structure and the nanoscale structure 
of the nanocomposites. XRD measures the distance between the basal layers of MMT clay or 
of any layered material. The d-spacing observed by XRD for PLS materials has been used to 
describe the nanoscale dispersion of the clay in the polymer matrix [29]. By observing the 
position, shape, and intensity of the basal reflections from the distributed silicate particles, 
intercalated or exfoliated structure of the nanocomposite may be identified.  
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In this research work, WAXD technique was used to determine whether the prepared 
PLA/PBS/clay nanocomposite has acquired intercalated or exfoliated structure. The 
calculation of interlayer d-spacing was done by well known Bragg’s law (nλ = 2d sinθ) as 
discussed in previous chapter.  
 
An appearance of a new basal reflection corresponding to the gallery height tells that the 
intercalated nanocomposite structure has been achieved. This means that some of the polymer 
chains have penetrated into the interlayer spaces and pushed the layers apart. While, in an 
exfoliated nanocomposite, the gradual disappearance of peak indicate that the large layer 
separation of layer has been occurred. No peak in exfoliated nanocomposite indicates a 
disordered delamination of the clay has occurred. With XRD, immiscible materials can also be 
identified. If there is no change in d-spacing which means that polymer has not at all entered 
the gallery of the polymer, thus the spacing between the clay layers has not been changed [52].  
 
In this work, study of nanoscale structure has been carried out by using XRD equipment, 
Philips PW1847 X-ray diffractometer, with a reflection geometry and Cu Kα radiation 
(wavelength λ=0.154nm) operated at 40 kV and 100mA. The data were obtained within the 
scattering angles (2θ) range of 1-10o. A photographic image of x-ray diffractometer used in 
the analysis of d-spacing can be seen in figure 3.3-1.  
 
 
            
 
Figure 3.3-1: Photographic image of Philips X-ray diffractometer. 
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3.3.2 Electron Microscopy 
 
As mentioned earlier in section 2.3.1 and 3.3.1, x-ray scattering techniques are non-destructive 
tool to analyse all kind of materials characterisation and quality control. XRD results can be 
affected by various factors like concentration and order of the clay. Various studies showed 
that relying of only XRD data is not a good idea. XRD results can be misinterpreted for 
intercalated and immiscible PLS nanocomposites that show peaks due to sampling problems, 
orientation, and poor calibration of most XRD instruments at very low angles [62]. Disordered 
immiscible or disordered intercalated structure nanocomposites may be mistakenly identified 
as exfoliated. One of such example is the study of morphology of polyetheramide 
nanocomposites [63]. For this reason, TEM analysis is very essential to give the full scale 
information regarding the morphology of the nanocomposites.  
 
To support XRD data, nitrogen fractured samples of the PLA/PBS/clay nanocomposites of 
various clay concentrations were analysed by JEOL 1010 transmission electron microscope 
(TEM) with 100-kV accelerating voltage and high vacuum. All the ultrathin sections (less than 
100 nm) were microtomed using a Super NOVA instrument with diamond knife and subjected 
to TEM observation without staining. Special care was taken while preparing the samples as 
stated by Zanetti et al., testing should be done in such a way as to provide a representative 
section of the whole sample [64]. 
 
The morphology of the blend (80/20, PLA/PBS) was observed with a scanning electron 
microscope (SEM, S-4200, Hitachi Co.) at an accelerating voltage of 25 kV. The blend 
samples were freeze-fractured in liquid nitrogen to obtain their cross-sectional images.   
                                                    
3.3.3 Gas Barrier Properties Measurements  
 
Owing to the nanometer-size particles obtained by dispersion, these nanocomposites can 
exhibit markedly improved mechanical, thermal, barrier and physico-chemical properties, 
when compared with the starting polymers and conventional microscale composites. In 
particular, these nanocomposites show great promise in providing excellent barrier properties, 
due to the presence of the clay layers. Various authors have proposed theoretical models for 
this tortuous path [8, 31, 121]. 
 
Biodegradable nanocomposites with enhanced barrier property potentially offer numerous 
opportunities in packaging applications. They are compatible with many foods, such as dairy 
products, beverage, fresh meat products and ready meals. Clays are believed to increase the 
barrier properties by creating tortuous path for a diffusing penetrant through the matrix resin.  
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The method by which a gas or vapour (the penetrant) permeates a polymer matrix is 
postulated to occur as follows [122]: 
 
o Absorption into the polymer 
o Diffusion through the polymer matrix 
o Desorption through the polymer wall and evaporation from the surface. 
 
 
Permeability is the property of a material, is the product of permeance and thickness [123]. 
 
                                              
p
TRP ΑΔ=
?
                   (9) 
 
P     =    permeability of barrier 
   TR   =    transmission rate 
   A     =   area of barrier 
    l      =   thickness of barrier 
    Δp   =  partial pressure difference across the barrier 
 
 
Oxygen Permeability  
 
Oxygen Transmission Rate (OTR) 
 
The effect of clay content on oxygen permeability of the PLA/PBS/C30BX nanocomposites 
films was investigated using a MOCON OX-TRAN Model 2/21 instrument (figure 3.3-2) 
manufactured by Modern Controls Inc. Measurements were done according to ASTM 
Standard D3985. The values of permeability were obtained at 23oC and 0% relative humidity 
(RH). The exposed area and thickness of the film sample were 50cm2 and 300µm respectively.  
Oxygen permeability was measured through plastic film and sheeting using a coulometric 
sensor. The films were placed in two test (permeability) cells. A mixture of 97% N2 (nitrogen) 
with 3% H2 (hydrogen) was used as carrier gas and 99.9% O2 (oxygen) was used as test gas. 
Regulatory pressure of nitrogen and oxygen cylinders was set on 40 psi while pressure on the 
regulator-tee for both nitrogen and oxygen was set in such a way so that the gauge reads 35 psi 
[124]. According to the thickness and the exposed area of the film samples given as inputs, the 
software called Mocon Permeability System installed with the MOCON instrument did 
calculations and gave the final oxygen permeability. Calibration of the instrument was done 
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before the actual measurements by Mylar (polyester) film supplied by MOCON whose 
permeability is already known. 
 
                 
 
Figure 3.3-2: Photographic image of MOCON OX-TRAN Model 2/21 which is used to 
measure oxygen permeability [124]. 
  
After mounting the samples inside the head cell a continuous flow of gas is maintained on 
both sides of the barrier material. Firstly nitrogen gas is passed over both surfaces to remove 
oxygen in the sample. The nitrogen on one side is then replaced by oxygen, and the nitrogen 
flow on the other side then sweeps the surface to extract any oxygen that diffuses through the 
material. The diffusing oxygen is measured by a detector that is sensitive only to oxygen. 
After 12 to 16 hours test will be completed. Special care was taken while placing the sample 
in the cell and flattens to remove wrinkles or creases to avoid any false results. Before each 
measurement, the samples were kept dry in vacuum oven. At least five samples of each film 
were analysed and the mean values has been reported in this study. Oxygen permeability is 
usually reported in cubic centimetres of gas that pass through a square meter of film in 24 
hours when the gas pressure differential on one side of the film, at a specified temperature, is 
one atmosphere greater than that on the other side [123]. The normalized unit for gas 
permeability is cm3.mm/m2.day.atm. 
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Water Vapour Permeability 
 
Water Vapour Transmission Rate (WVTR)  
 
Water vapour transmission rate, WVTR, is reported as grams of water which will pass through 
a given area of material in a specified time, the usual units are grams per 1 square meter per 24 
hours at a specified temperature and humidity differential [123]. Moisture vapour transmission 
rate is measured in terms of weight of penetrant rather than volume and is measured at 
specified relative humidity conditions on each side of the films [123]. The normalized units 
for water vapour permeability, called water vapour transmission rate, is reported as 
g.mm/m2.day. This unit is thickness independent, being a calculated value determined from 
the equation: 
 
Pvapour = WVTR x ℓ                        (10) 
 
 where ℓ is sample thickness. 
 
The water vapour transmission rate (WVTR) of each PLA/PBS/C30BX nanocomposite 
sample with different contents of clay was measured using a Modern Controls Inc. (MOCON) 
Permatran-W1 (Minneapolis, MN, USA) (figure 3.3-3) according to ASTM standard F 1249 
at 100% RH and 37.8oC temperature.  Exposure area for the WVTR measurements was 50 
cm2 and thickness of the film sample was 300 µm.  Water vapour transmission rate was done 
through plastic film and sheeting using a modulated infrared sensor. Water vapour 
transmission rates can be evaluated for the films by using other solutions i.e. sodium chloride, 
sodium acetate, magnesium chloride etc. giving different RH. As explained by Gennadios and 
Weller [125], low RH is used in order to avoid swelling and non-Fickian behaviour of the 
films. These authors studied on edible films and coatings from wheat and corn proteins. These 
films are highly hydrophilic in nature, thus low RH was required in order to avoid swelling. In 
this study, very pure water (100% RH) has been used as the samples were not that too water 
absorbing.  
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Figure 3.3-3: Photographic image of (MOCON) Permatran-W1 used to measure WVTR. 
    
Calibration was performed using Mylar (polyester) film of 5 mil thickness supplied by 
MOCON, which has a WVTR of 4.55 g/m2.day at 37.8oC and 100% RH. Test films mounted 
in diffusion cell were initially exposed to a continuous flow of air across the upper side, while 
bottom side was exposed to water vapour from the moistened pad (reverse osmosis water) in 
the humid cavity [126]. This is called conditioning which took one night. Conditioning of the 
sample is required to allow the establishment of an equilibrium transmission rate [126]. The 
flow rate of the air during the test was set to 60 cm3/min. After conditioning was over, actual 
water vapour transmission rate test was started. WVTR value was noted usually after 6-8 
hours. An average of five values has been reported in this work after normalizing the source 
values according to the thickness of the sample. 
 
3.3.4 Rheological Measurements 
 
Aside from the understanding in fabrication, characterisation, and improvement in 
mechanical/physical and other properties, the measurement of rheological properties of PLS-
nanocomposites under molten state is crucial to gain fundamental understanding of the 
processability of these materials. Rheological behaviours of PLS-nanocomposites are strongly 
influenced by their nanoscale structure and interfacial characteristics. In this section of the 
chapter, methods and equipments used to study dynamic and steady shear rheological 
measurements will be given. 
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Dynamic Shear and Steady Shear Rheology  
 
Dynamic measurement is a very useful technique for investigating the structure of delicate 
materials over short and medium period of time [71]. It provides useful information on 
microstructure of material being used in the processability of the material. Valuable 
information regarding the extent and dynamics of the structure formed by particles in 
viscoelastic fluids could also be yielded by these measurements [127]. 
 
Dynamic (oscillatory) shear measurements were conducted using the advanced rheometric 
expansion system (ARES-LSII) with parallel plate geometry. The parallel plates having 
diameter of 25 mm were used. The gap between the plates during the test was kept at 1 mm. 
Tests were performed at 175oC under a nitrogen atmosphere to avoid any degradation. A fresh 
sample was loaded for each type of rheological test. All samples were dried in a vacuum oven 
prior to the test. 25 mm diameter discs samples were cut from the 2 mm thick compression 
moulded square plaque by using punches of 25 mm diameter. 
 
A pictorial presentation of the instrument to study rheology in this research work is shown in 
figure 3.3-4. Disk shaped sample of PLA/PBS/clay nanocomposites are placed in between 
parallel plates as shown in figure 3.3-5. The lower plate is driven by motor, in either steady 
rotation or oscillation, while the upper plate is connected to a transducer, which measures 
torque and normal force [128].  
 
As its name suggests, in oscillatory shear rheology tests, lower plate moves to-and-fro 
(oscillatory) movement, while, steady shear rheology measurements are conducted by 
rotational motion of the lower plate. The amount of movement in dynamic tests is controlled 
by the strain amplitude and frequency imposed. The speed of rotation is a function of shear 
rate imposed. Careful loading of the sample and proper use of the instrument had to be 
followed. First, zeroing of the plate gaps was done when the set temperature (175oC) was 
reached. Both the plates should be properly and carefully cleaned without damaging the 
sensors of the machine. Before loading each sample, it was necessary to ensure that desired 
temperature has been reached and equilibrium temperature of the whole system. All 
measurements were recorded and analysed using Rheometrics Rhios V4.0 software installed 
in the ARES machine. 
 
Dynamic strain sweep tests were carried out first to confirm the linearity of viscoelastic region 
up to 100% strain at 10 rad/s frequency. In addition, before dynamic and steady shear tests, 
time sweep measurements in dynamic mode at 10 rad/s frequency and 2% strain were done on 
these materials to check for thermal stability. Dynamic sweep tests carried out for 2 hours at a 
 74
temperature of 190oC were used to evaluate the degradation of the samples. Short testing times 
were used to minimise the effect of degradation on rheometer results. All measurements for 
dynamic frequency sweep tests were performed over a frequency range of 0.1 rad/s to 100 
rad/s. Steady shear rate sweeps tests were done using steady shear mode over a shear rate 
range of 0.1 s-1 to 100 s-1 at 10% strain. Steady shear rheological parameters are viscosity [η], 
shear stress [τ] and first normal stress difference [N1 = τ11-τ12]. In this study, first two 
parameters were reported as N1 values couldn’t be obtained accurately. 
 
               
        
    
Figure 3.3-4: Photographic image of advanced rheometric expansion system (ARES) [129] 
used to study both dynamic and steady shear rheological measurements of various 
PLA/PBS/C30BX nanocomposites. 
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Figure 3.3-5: Photographic close-up view of Parallel Plates [128] used in ARES Rheometer.  
 
3.3.5 Mechanical Properties 
 
Among the many mechanical properties of plastics materials, tensile properties are the most 
frequently considered, evaluated, and used throughout the industry. Tensile testing provides 
these useful data: yield strength, fracture strength (ultimate tensile strength), modulus of 
elasticity (Young’s modulus), and elongation at yield and break [130]. These tensile properties 
provide an indication of the mechanical performance of the materials.  
 
The stress-strain properties of PLA/PBS/clay nanocomposites having various clay loadings 
and their blend were obtained at 25oC (room temperature) using Instron 4467 Universal testing 
machine equipped with a computerized data acquisition system (figure 3.3-6). All the tests 
were performed according to the ASTM D638 standard and at a crosshead speed of 50 
mm/min.  Property values reported here represent an average of the results for tests run on five 
specimens for each samples.  
 
Dumbbell shaped specimens were punched out from the 2 mm thick square plaque made from 
compression moulding machine. Specimen dimensions were according to ASTM D638, Type-
V (figure 3.3-7). All the mechanical measurements were stored and analysed by the software 
installed with the Instron machine named Instron Bluehill V1.9. Values of tensile strength and 
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Young’s modulus reported in this study were performed on two sets of five specimens for 
each sample. As Young’s modulus done separately gives the actual value.   
 
                  
 
Figure 3.3-6: Photographic image of Instron 4467 Universal testing machine [131] used for 
measuring mechanical properties for this project. 
 
 
 
 
Figure 3.3-7: A sketch of dumbbell shaped specimen having dimensions according to ASTM 
D638 for evaluation of mechanical properties. 
 
As the specimen elongates, the resistance to the tension increased, and it was detected by a 
load cell. The tensile strength was calculated by dividing the maximum load in newtons by the 
original minimum cross sectional area of the specimen in square millimetres, and the result 
was explained in the term of megapascal (MPa).  
 77
Tensile strength     =     Force (Max. Load) (N)                                         (11) 
                          Cross Section Area (mm2) 
 
Tensile modulus and elongation at break values were derived from the stress-strain curve. If 
the specimen gives a yield load larger than the load at break, percentage elongation at yield is 
calculated; if not, percent elongation at break is calculated [132]. 
 
Strain =      Change in Length (elongation)     =   ΔL                                                   (12) 
        Original Length (gauge length)   L 
 
 
Tensile modulus (the modulus of elasticity) can be determined by extending the initial linear 
portion of the load-extension curve and dividing the difference in stress obtained in strain, 
expressing the results in the unit of megapascal (MPa) [132]. In this research work, tensile 
property data (tensile strength, percentage elongation at break and Young’s modulus) were 
calculated by the software attached to the Instron machine. 
 
Tensile Modulus =            Difference in Stress______                                                  (13)    
        Difference in corresponding Strain 
 
 
 
 
3.3.6 Thermal Characterisation  
 
As stated previously, thermal analysis can be done by various techniques which include 
thermogravimetry (TG), differential thermal analysis (DTA), differential scanning calorimetry 
(DSC), thermomechanometry (TMA) and dynamic mechanical analysis (DMA). In this study, 
modulated differential scanning calorimetry (MDSC) was used due to its advanced technology 
to give unique useful information. 
 
Modulated Differential Scanning calorimetry (MDSC) 
 
In this research work thermal property characterisation of PLA/PBS/C30BX nanocomposites 
was performed with a modulated DSC (MDSC) (TA Instrument Model 2920) (figure 3.3-8). 
MDSC is a new technique which provides not only the same information as conventional DSC, 
but also provides other unique information not available from conventional DSC [133]. Thus, 
MDSC increases the basic understanding of material properties. Moreover, it is easy to 
understand in comparison to conventional DSC. 
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In all the experiments, encapsulated sample of 5-10 mg in aluminium pan were used. An 
empty aluminium pan as inert reference and the sample pan were loaded into the cell. After 
loading the sample, experiment information through the TA controller, creation and selection 
of the required thermal method has to be done. Thus, experiment was started.  Thermal history 
for all the samples were eliminated by heating up to 200oC and held there for 5 minutes and 
then rapidly cooled to -50oC. The actual analysis and measurements reported here were 
performed during a second heating cycle from -50 to 200oC at a heating rate of 2oC /min. N2 
and He gases were used as carrier (purge) gas to heat and cool the samples. A flow rate for 
purge gas was set as 100 ml/min with nitrogen and 35 ml/min with helium. All the data were 
recorded in TA Instrument Control software installed with the equipment. 
 
 
               
Figure 3.3-8: Photographic image of TA Instruments DSC 2920 used for thermal analysis in 
this work [134].  
 
 
3.3.7 Thermal Stability 
 
 
Thermogravimetric analysis (TGA) 
 
Thermogravimetric analysis involves three steps simultaneously: (a) heating the sample, (b) 
measuring the temperature and (c) measuring the sample weight. Thus it gives the sample 
mass loss due to volatilization of degraded by-products after degradation due to high 
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temperature as function of temperature. The onset temperature of degradation (Tonset) and the 
end temperature of degradation (Tend) can be obtained from the TGA. And, difference between 
them (Tonset) and (Tend), ∆T, represents the temperature range for thermal degradation of a 
given sample. The ratio of ∆T with the heating rates gives the overall degradation time of the 
sample. 
 
 
Thermal properties of the hybrids of PLA/PBS/Clay nanocomposites were examined using a 
thermogravimetric analyser (TGA) (Q50 thermogravimetric analyser V6.4, TA Instruments, 
Delaware, USA) (figure 3.3-9). Samples of approximately 20-25 mg masses were heated from 
25 to 600oC at a heating rate of 25oC/min under nitrogen atmosphere. Samples were placed in 
a Platinum pan. During the test, balance gas used was nitrogen with flow rate of 10 ml/min 
and sample gas (nitrogen) with flow rate of 90 ml/min.  
 
 
       
 
Figure 3.3-9: Photographic image of thermogravimetric analyser used to determine thermal 
stability of the nanocomposites. 
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CHAPTER 4: ERROR ANALYSIS 
 
While conducting an experiment a person may encounter one or more types of errors: human 
error, systematic error, and random error. Thus one way to analyse experimental error is with a 
percentage (%) error calculation. Errors can occur unwillingly during the preparation of the 
samples or while the experimental measurements. These errors can affect the properties and 
conclusions made by the experimental work. This chapter aims to discuss briefly the inherent 
errors being raised during the experimental measurements.  
4.1 NANOCOMPOSITES PREPARATION 
 
Polymers used for the preparation of the nanocomposites in this research work were poly 
(lactic acid) (PLA) a product of NatureWorks, Cargill/Dow LLC (Minnetonka, MN, USA)  
and poly (butylene succinate) (PBS) ‘EnPol’ a product of Ire Chem. Co., Korea. Both the 
polymers were supplied by Ire Chem. Co., Korea.  
 
Drying prior to processing is essential for both the polymers. The polymer is stable in the 
molten state, provided that the extrusion and drying procedures are followed [135]. PLA safety 
data sheet recommended a moisture content of less than 0.025 % (250 ppm) to prevent 
viscosity degradation. Typical drying conditions are also stated in the data sheet. The resin 
should not be exposed to atmospheric conditions after drying [135]. Most of all the researchers 
who have done investigations on PLA also recommended drying the polymer in vacuum oven 
before processing. McCarthy et al. [136] studied Polylactic acid-based blends with aliphatic 
polyester (PBS) also called as Bionolle. They also prepared blends after carefully dried 
polymers at 40oC under vacuum for at least 24 hours. The main reason behind drying the 
polymers was to minimize the hydrolytic degradation of the polylactic acid-based polymer 
during the subsequent melt processing [136]. SinhaRay and Okamoto [137], Paul et al. [98], 
Park and Im  [138], Ogata et al. [114] etc. all these researchers used PLA after drying to 
reduce its degradation while processing. 
 
Data sheet provided by Ire’s Chem. Co., Korea also recommended to re-dry PBS before 
processing [139]. PBS is aliphatic polyester which absorbs water from the atmosphere, leading 
to the degradation of the polymer during processing. Various authors recommended drying of 
PBS also. Researchers like Fujimaki [116], Yoo and Im [99], Uesaka et al. [115], Okamoto  et 
al. [42], Chen and Yoon [58] all echoed the same thought about the drying of poly (butylene 
succinate) polymer prior to processing.  
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All the properties of these polymers, their blends and nanocomposites shall be affected if 
moisture is present. Even though drying was done before melt blending, some of the moisture 
content may be again get absorbed as the polymers were in the atmosphere while preparing 
samples and doing preparations for testing or experimenting etc. Water content absorbed by 
the polymer also depended on the atmospheric (humidity) conditions.  When exposed to 
moisture, PLA can undergo hydrolytic scission of the polyester linkages, leading to molecular 
fragmentation even in environments that are only slightly moist [140]. The result can be 
degradation of packaging material and changes in film barrier properties [141, 142].  
 
As drying of the materials used in this research work was done in vacuum oven before the 
preparation of the nanocomposites and samples for testing and also before testing samples was 
dried again but the atmospheric conditions could not be controlled. Thus, in this thesis the 
effect of very small amount of moisture absorbed by the samples are considered negligible.        
 
4.2 MORPHOLOGICAL CHARACTERISATION 
 
Morphological characterisation was done by XRD and TEM. As stated in chapters 2 and 3, 
XRD is not a stand-alone technique, and it should be used in conjunction with transmission 
electron microscopy (TEM). TEM analysis is essential to fill the gap of information that other 
techniques and XRD alone cannot obtain. Various studies showed that TEM and XRD have 
become complimentary techniques that should always be done simultaneously together. The 
following part of the section will discuss about the experimental errors and difficulties 
occurred during the WAXD patterns and TEM images.  
 
4.2.1. Wide-Angle X-Ray Diffraction (WAXD) 
 
As discussed in chapters 2 and 3, with examples of other polymer nanocomposites investigated 
by various researchers, WAXD gives the information on the intercalation, exfoliation of 
nanocomposites.  With XRD, even immiscible materials can also be identified. The d-spacing 
observed by XRD for PLA/PBS/C30BX nanocomposites was used to describe the nanoscale 
dispersion of the clay in polymer matrices. Identification of the intercalated, exfoliated 
structure or mixed morphology of the nanocomposites was done by observing the position, 
shape, and intensity of the basal reflections from the distributed silicate particles. 
 
The d-spacing can be easily calculated by given scattering angle and wavelength of radiation 
used to obtain WAXD data by simple equation nλ = 2dSinθ obtained by Bragg’s law. WAXD 
is normally done in air atmosphere and SAXS in vacuum only. Radiation beam in SAXS is 0.1 
 82
mm thickness which is too very small as compared to WAXD [143]. SAXS can go up to 
minimum of 0.5o scattering angle but in WAXD one should not go below 1o scattering angle.  
 
Alexander [51] discussed the effect of air on the x-ray scattering results. Thus by running the 
experiment in vacuum this error can be eliminated. Figure 4.2-1 shows curves of SAXS data 
of PBS/C30BX (93/7 wt%) nanocomposite before and after background subtraction. One 
cannot differentiate the difference between the intensities without background subtraction and 
with background subtraction for the nanocomposite. Even though there is not much noticeable 
difference in the intensities of the two SAXS data, background intensities in the analysis of all 
SAXS data could be subtracted from the original data especially at lower ranges of angles 
because very small amount of air could be present in SAXS instrument. This reduces any 
possible error in SAXS experiments. In SAXS, the sample used is normally smaller as 
compared to WAXD; hence, radiation beam may also hit other surfaces. It can be seen from 
figure 4.2-1 that practically there is no difference in the intensities.  
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Figure 4.2-1: SAXS profile of PBS/C30BX (93/7 wt%) with and without background 
scattering. 
 
In this research work, all the XRD data reported are done by WAXD machine. In WAXD, the 
size of the sample used was very larger in area as compared to SAXS. Thus, there are 
negligible chances of the beam to hit any other surface other than the sample. Therefore, in 
WAXD there is no background data included in the original data. This is the reason behind for 
not considering any background subtraction from the original data. Thus, error due to 
background of air in WAXD can be neglected. 
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In WAXD a small sample was used for testing. Thus, sample was carefully selected so that, 
that particular sample should represent the whole sample. Thus sampling error can be reduced. 
For instance, 1 kg of the particular composition of the nanocomposite was prepared and two 
specimen were selected and SAXS done. Both the tests gave similar results, hence sampling 
was neglected.      
 
 
4.2.2. Transmission Electron Microscopy (TEM) 
 
TEM is known as complimentary technique which is used simultaneously together with XRD. 
TEM gives qualitative understanding of the internal structure, spatial distribution of the 
various phases, and views of defect structure through direct visualization. 
 
The only error that may occur during TEM image analysis is sampling error. Special care must 
be taken while selecting the sample for TEM analysis. Samples in TEM were very tiny and 
that particular sample should provide reliable representation of the whole material unless 
images could be wrong. Special care must be taken to guarantee a representative cross-section 
of the sample [20]. Testing should be done in such a way as to provide a representative section 
of the whole sample [64].   
 
4.3 GAS BARRIER PROPERTIES MEASUREMENTS 
 
In this research work, oxygen permeability and water vapour transmission rates were 
determined as a part of studying the effect of incorporating C30BX in PLA/PBS blend on the 
gas barrier properties. 
 
In this project, oxygen barrier properties were determined by using MOCON OX-TRAN 
model 2/21 system.  This system uses a patented coulometric sensor (COULOX) to detect 
oxygen transmission through the samples being mounted inside the head cell. This high 
performance sensor has three models each with higher accuracy which provides (ppb) part-per-
billion sensitivity even in the presence of small amount of water vapour. Thus this system does 
not require any calibration except initial calibration by Mylar films provided by its 
manufacturer before starting with the actual samples. These films permeabilities were already 
given by the manufacturer. Thus MOCON provides results with highest precision and accuracy 
in standards. 
 
Permeability is the product of permeance passed through the film samples and thickness. Thus, 
thicknesses of the samples films were carefully measured to avoid any possibility of personal 
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error. Av average of five samples of each composition of the nanocomposites along with 
standard deviation has been reported in the results of this thesis. 
 
Water vapour transmission rate was determined by using another instrument called Permatran-
W1. Permeability was obtained using a modulated infrared sensor installed in this system. 
Calibration of this instrument was performed using polyester film of 5 mil thickness supplied 
by the manufacturer, which has known water vapour transmission rate (WVTR) of 4.55 
g/m2.day at 37.8oC and 100% RH. After calibration, accuracy of the instrument was achieved 
and will be maintained during the experiments.  Normalization of the source result was done 
according to the thickness of the sample. Further in this work, to avoid any error an average of 
five water vapour transmission rate results has been reported along with standard deviations. 
 
4.4 RHEOLOGICAL MEASUREMENTS 
 
 
Error for rheological characterisation can be stated as instrumental error, method error and 
personal error. Instrument error includes temperature control of the machine used for 
rheological measurements. Method error included variable nature of the PLA and PBS 
polymers and its properties such as degradation due to high temperature and shear. One type of 
error is personal error which could occur during the loading of the sample between parallel 
plates and setting up minimum gap between the parallel plates. 
 
As stated above also, PLA and PBS are highly water absorbing polymers and presence of even 
the small amount of water traces can undergo hydrolytic scission of the polyester linkages at 
high temperatures during experimental rheological measurements. All the samples were dried 
at its best to remove the moisture content, thus method error can also be eliminated. Discs of 
samples were loaded between the parallel plates very carefully and gap between the parallel 
plates were maintained during the tests. So, personal error can also be neglected. The 
instrument (ARES rheometer) used for these rheological measurements is very sophisticated 
and have high accuracy in temperature control. Its temperature accuracy according to the 
manufacturer was within ± 0.1oC. All the tests especially time sweep tests done on this 
instrument showed that the accuracy was in fact much better than stated by the manufacturer. 
Please refer figure 4.4-1, time sweep tests done on PLA/PBS/C30BX nanocomposite with 3 
wt% of clay for the time span of 90 minutes at 10 rad/s and 2% strain proved that the 
temperature accuracy of the machine was much higher than ± 0.05oC. Thus instrumental error 
is significantly negligible. 
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As the instrument used for rheological measurements is highly sophisticated and advanced in 
technology, the only error that may occur is sampling error. Sampling error may occur in both 
dynamic and steady shear measurements. Samples that were used represented the whole 
amount of the nanocomposite. For instance, 1 kg of the particular composition of the 
nanocomposite was assumed with the 25 mm disc used for rheological measurements. Thus to 
reduce this error, two discs (samples) from different compression moulded plaques were used 
and average values were reported in this thesis.   
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Figure 4.4-1: Temperature accuracy of ARES rheometer used for rheological measurements of 
PLA/PBS/C30BX nanocomposite with 3 wt% of clay over a time range of 90 minutes at 190oC 
temperature.  
 
 
4.4.1 Dynamic Oscillatory Shear Measurements 
 
 
Dynamic oscillatory shear measurements included dynamic strain sweeps and dynamic 
frequency sweeps measurements. In both these tests repeatability of the runs is very important 
issue that need to be addressed. Repeatability of the runs is required to ensure the consistency 
of the measurements. Figure 4.4-2 presented showed the repeatability of the dynamic 
frequency sweep measurements performed on pure PLA at 200oC at 10% strain. From 
frequencies 0.01 to 100 rad/s, experimental data for PLA run 1 almost overlapped PLA run 2, 
hence it can be said that the repeatability is excellent for these samples. However, at low 
190oC 
G” (Pa) 
G’ (Pa) 
Temp. (oC) 
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frequency (0.01 rad/s) there was a slight deviation. At low frequency region, torque may be 
high at low strain i.e. 10% in this case, that may be the reason where instrument becomes 
more sensitive. This type of behaviour has been observed in all the samples tested, where at 
low frequencies deviation can be seen. In this study, % error was estimated as approximately 
7 % for all the tested materials. Prasad [144] also observed this type of slight deviation at low 
frequencies with EVA9-C15A nanocomposites. Therefore, to reduce this error repeat runs 
were performed for each sample and an average of two measurements has been presented in 
this thesis. 
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Figure 4.4-2: Repeatability of pure PLA samples using dynamic frequency sweep tests at 
200oC.  
 
There is one other type of error called as resolution error. Resolution error mainly occurs 
during dynamic measurements.  To reduce this error, care was taken so that torque during the 
test should not go below 0.01 g-cm (0.01 g-cm is the limit for transducer). If torque decreases 
further 0.01 g-cm, then the behaviour of the graph at low frequencies will be very much 
distorted. To reduce this error as possible, strain% was increased during the test through 
control test setup to maintain the torque above 0.01 g-cm.   
  
Thermal instability of the samples can be considered as another crucial aspect of oscillatory 
tests as measurements are normally done at elevated temperature for long period of time. 
Thermal stability of polymers especially biodegradable polymers and their nanocomposites 
should be taken into account. Microstructure of the samples can have adverse effect during the 
test for long period of time at to elevated temperatures. Moreover, PLA and PBS polymers are 
highly hydrophilic materials which can further undergo hydrolytic scission of the polyester 
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linkages at high temperatures during rheological measurements. This results in degradation of 
the samples. Thus, the exact useful information on the microstructure of the material can not 
be obtained. To check the thermal stability of the samples used in this project, time sweep 
measurements in the dynamic mode at 10 rad/s frequency were done (figure 4.4-3). Time 
sweep test was done at constant frequency at constant temperature (180oC) for 2 hours. PLA 
has melting temperature of 160oC while for PBS melting temperature was 95oC. But the time 
sweeps has been performed at the temperature corresponded to the highest temperature the 
samples were subjected to while preparing nanocomposites of the two blended polymers. 
Figure 4.4-3 shows that for the span of time tested, thermal degradation was the main issue for 
PLA samples as deviation of storage modulus (G’) can be seen in PLA only. After two hours 
at 180oC temperature, deviation for PLA sample was noted for about 30%. Storage modulus 
(G’) for PBS did not show much deviation so it be concluded that PBS is much stable as 
compared to PLA. PBS sample showed deviation of about 15% which is half the deviation 
seen for PLA sample. To do any type of test in rheology like dynamic strain, dynamic 
frequency and steady shear test, it took only 10-15 minutes and up to that time both these 
polymers were quite stable.     
   
10
100
1000
0 1000 2000 3000 4000
Time (s)
St
or
ag
e 
M
od
ul
us
, G
' (
Pa
)
PLA PBS
 
Figure 4.4-3: Dynamic time sweep test at 180oC for pure PLA and PBS samples to check the 
thermal degradation of samples (ω = 10 rad/s). 
 
Further to reduce the impact of thermal instability of the samples on the rheological properties, 
a fresh sample was loaded for each type of rheological test. All the samples were dried in an 
oven again prior to being tested and the tests were conducted under nitrogen atmosphere to 
reduce the thermal degradation during the test. 
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4.4.2 Steady Shear Measurements 
 
Krishnamoorti and Silva [77] have confirmed the importance of steady shear response of 
polymer-layered silicate nanocomposites for the processability of the materials. Steady simple 
shear flow is mainly used in many industrial processes. Melt viscosity is determined as a 
function of shear rate.  
 
Possible causes of errors are presence of moisture, oxygen, and temperature. All these 
combinations cause thermal degradation while rheological measurements are made. Moisture 
and oxygen present in the polymer sample at high temperature during the measurements 
would cause thermal degradation. In this research polymers used are highly hydrophilic 
polymers, which definitely cause degradation. Gregory and Wampler [145] suggested that 
increasing or decreasing shear rates can lead to significant errors in measurements of the effect 
of shear rate on the melt viscosity of thermally sensitive polymers, including polyesters. The 
effect of thermal degradation on the rheological measurements has already been mentioned in 
section 4.4.1. Steady shear viscosity experiments took shorter times (less than 1500 sec) 
compared with oscillatory tests. Effect of thermal degradation shown in figure 4.4-3 indicates 
that up to 1500 sec deviation in the storage modulus for both the polymers (PLA and PBS) is 
very less. Moreover, biodegradable polymers are highly instable polymers at high 
temperatures, thus this deviation can also be neglected. Before and during the experiment best 
possible ways to reduce the thermal instability were adopted. Dried and fresh samples were 
used for each test in nitrogen atmospheres.   
 
 Others errors that may occur with these measurements are as follows: 
o Instabilities in flow during the test 
o Repeatability of the results 
o Reproducibility of the results 
 
Instability of flow means errors due to edge fracture or centrifugal expulsion. These    
instabilities usually occur at high shear rates. Detailed study about these errors has been 
provided by Powell [146]. Centrifugal expulsion only happens in the samples with very low 
viscosities, which was not the case in this research. Thus this error was not considered. Sample 
fracture or edge fracture can always occurs during the tests. At low shear rates, the samples 
inside the parallel plates are bludging outside but at high shear rates this bulging gets distorted. 
This error can not be fixed and is normally ignored. Edge fracture occurs at certain critical 
shear rates corresponding to a critical angular speed of the plates [146]. Edge fracture could 
also be noticed from decrease of torque with time (figure 4.4-4). 
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Figure 4.4-4: Identification of edge fracture from parallel-plate geometry for PLA/PBS/C30BX 
nanocomposite having 1 wt% of clay at 175oC. 
 
Repeatability has already been discussed in section 4.4.1. In steady shear rheology tests also 
repeatability is necessary and thus two tests of same sample and at same test conditions were 
done and average was reported in this research. 
 
Reproducibility of the results means that the same results could be obtained by using different 
instruments. Due to unavailability of any other advanced instrument and time limitations only 
ARES with parallel plates have been used and the same results were reported in this research 
work. 
 
4.5 MECHANICAL MEASUREMENTS 
 
Tensile tests of all PLA/PBS/C30BX nanocomposites, PLA, PBS and its blend were conducted 
with a total of five replicates for each sample. Specimen dimensions were according to ASTM 
D638, Type-V (figure 3.3-7). Polymers used in this research are highly hydrophilic so all tests 
were performed on the same say to minimise the effect of temperature and humidity on the 
sample results. Before performing the experiments, all the specimens were vacuum dried for 
overnight to remove the moisture content. Moisture content in biodegradable polyesters can 
vary the mechanical properties results. 
 
Instron Bluehill V1.9, the computer software associated with the Instron 4467 Universal 
testing machine (figure 3.3-6) generated tensile strength, % elongation at break and Young’s 
modulus. Software gave the results that calculated the mean and standard deviation for the set 
From this 
point edge 
fracture 
started 
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of five specimens for each sample. All the calculations were done by the machine software and 
both the machine and the software is highly sophisticated. Therefore, the error for each sample 
was very much reduced. There was negligible chance of error due to calculations.  
 
As laboratory is air conditioned and always set at room temperature, thus atmospheric 
conditions were same for all the tests. Other parameters like crosshead speed and specimen 
dimensions were also constant for all the samples. The entire five specimens were bubble free 
and was not having any void.   
 
Further to have accuracy in Young’s modulus, separate set of five specimens were used to 
evaluate Young’s modulus. Young’s modulus done separately from tensile strength gives the 
actual value [147]. Young’s modulus was calculated by using extensiometer. While using the 
extensiometer, % error may be considered as negligible. Extensiometer does calculation of 
Young’s modulus by taking into account the elongation of the specimen only between the 
gauge lengths (see figure 3.3-7), unless machine will calculate Young’s modulus using the 
elongation of the whole specimen [147]. Therefore, gives half the value of the actual Young’s 
modulus. 
 
In this thesis, an average of five results and its standard deviation has been reported while 
comparing mechanical properties of the nanocomposites in results and discussion in the next 
chapter.   
 
4.6  THERMAL CHARACTERISATION (MDSC) 
 
Thermal characterisation of all the samples was done by DSC in modulated mode (TA 
Instrument Model 2920) (refer figure 3.3-8). MDSC instrument used in this research work is 
very sophisticated. MDSC instrument has a new technique which provides additional unique 
information as conventional DSC gave. Thus, MDSC increases the basic understanding of 
material thermal properties. Moreover, it is easy to understand in comparison to conventional 
DSC. 
 
Samples amount and weight used in experiments were very small of the range 5-10 mg. 
Therefore, sample was chosen carefully so that it should represent the whole sample. This gave 
high precision in the experimental results. MDSC instrument ΔT sensitivity and temperature 
precision according to the manufacturer was 0.0001oC and ± 2oC respectively. This means that 
there was very less uncertainty of the data in the instrument. Therefore, possibility of error can 
be ignored while reporting thermograms of the samples in this thesis. 
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Repeatability and reproducibility were also checked. Figure 4.6-1 shows the repeatability and 
reproducibility of the instrument as the melting point is in the range 160-200oC same as given 
in table 3.1-1. Data sheet values were matching with the experimental values. 
 
Again before running these experiments, samples were vacuum dried to reduce the effect of 
moisture on the thermal properties. The polymers used in this research were highly hydrophilic 
in nature.  
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Figure 4.6-1: MDSC thermograms of neat PLA polymer (second heating cycle @ heating rate 
of 2oC/min. 
 
 
4.7 THERMAL STABILITY (TGA) 
 
Thermal stability of PLA/PBS/C30BX nanocomposites and PLA/PBS blend samples were 
determined by thermogravimetric analysis (TGA). This technique involves three simultaneous 
steps which are as follows: 
 
o Heating the sample 
o Measuring the temperature 
o Measuring the sample weight 
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Plot between temperature (oC) and sample weight (%) helps in determining the onset 
temperature of thermal degradation (Tonset) and end temperature of degradation (Tend) of the 
samples. 
 
TGA instrument (Q50 themogravimetric analyser, TA Instruments, Delaware, USA) was used 
to study the effect of presence of clay on thermal stability of PLA/PBS/C30BX nanocomposites. 
Conditions at which experiments were done have been stated in chapter 3. The precision of this 
TGA instrument according to the manufacturer was specified as about 5%. This can vary 
depending on the operator and when it was calibrated. In experience users may distort the 
sample pan and it is supporting platinum stirrups. The mass of the sample pan was continuously 
recorded as a function of temperature with the help of a thermocouple installed with the 
instrument. The change in distance between the pan and thermocouple may result in variation 
of the calibration which can introduce error in the results [148]. Therefore, to reduce this error a 
calibration check on standard material was analysed before/during measurements. Absolute 
error of weight pan was 0.0001 mg thus; instrument was highly accurate regarding the weigh 
measurements. 
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CHAPTER 5: RESULTS AND DISCUSSION 
 
 
This chapter will provide analysis of the results or data obtained from the experimental work 
performed during the course of this research work. Structure and morphology of the 
nanocomposites will be discussed through WAXD, SEM and TEM results. These experiments 
will reveal the nanoscale morphologies of the prepared PLA/PBS/C30BX nanocomposites. 
Rheological properties will be studied by dynamic and steady shear rheological tests. 
Rheological studies reveal the structure property relationship of these hybrid materials. 
Mechanical properties have been discussed through tensile property data (tensile strength, 
percentage elongation at break and Young’s modulus). Thermal characterisation of the 
nanocomposites has been done by using modulated DSC and thermogravimetric analyser. 
 
Most importantly gas barrier properties will be discussed by determining oxygen permeability 
and water vapour transmission rate (WVTR). Ultimately, this chapter will discuss the 
relationship of morphology with all the above mentioned properties as morphology is the key 
factor on which all the properties depend.  
 
5.1 MORPHOLOGICAL PROPERTIES 
 
5.1.1 Wide-Angle X-Ray Diffraction (WAXD) 
 
WAXD technique was used to determine the interlayer spacing of C30BX silicate layers in the 
intercalated PLA/PBS/C30BX nanocomposites. This gave the extent of PLA and PBS 
polymer chains intercalation into the C30BX silicate layer spacing. Identification of 
intercalated or exfoliated structure of PLA/PBS/C30BX nanocomposite has been done by 
determining d-spacing, monitoring of the intensity, shape and position of the Bragg peak with 
respect to C30BX peak.  
 
Figure 5.1-1 shows the WAXD profile of C30BX clay. The characteristic peak of pristine 
C30BX occurred at diffraction angle 4.96o. Therefore, by using Bragg’s law (equation (5)) d-
spacing also called as basal spacing of C30BX clay was calculated as 17.8 Å. This is in close 
agreement with that of commercially available C30B clay. The vertical line indicates the 
location of the silicate (d001) reflection of C30BX. 
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Figure 5.1-1: WAXD profile of C30BX clay.  
 
It can be seen from figure 5.1-2 that nanocomposite having 1 wt% of C30BX did not show 
any discernible peaks corresponding to (d001) at any of the diffraction angles. Absence of 
Bragg peak corresponds to the complete exfoliated, random distribution of the clay particles in 
PLA/PBS polymer matrices as discussed earlier in chapter 2. Researchers like Krikorian  and 
Pochan [118] and Paul and his co-workers [98] also obtained similar results when they 
prepared and conducted WAXS studies on PLA/C30B nanocomposites.  
 
Table 5.1-1: Interlayer spacing as determined by WAXD analysis (Bragg’s law). [Number in 
the bracket indicates loadings of clay.]  
 
Sample Diffraction angle (2θ) Interlayer spacing (Ǻ) 
C30BX clay 4.96o 17.8 
PLA/PBS/C30BX (1 wt%) --- Exfoliated 
PLA/PBS/C30BX (3 wt%) --- Exfoliated 
PLA/PBS/C30BX (5 wt%) 2o 44.12 
PLA/PBS/C30BX (7 wt%) 2.2o 40.10 
PLA/PBS/C30BX (10 wt%) 2.3o 38.36 
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Figure 5.1-2: WAXD diffractograms of PLA/PBS/C30BX nanocomposites with 1, 3, 5, 7 and 
10 wt% of clay. 
 
Table 5.1-1 shows that clay interlayer d-spacing (corresponding to d001, diffraction peaks) 
observed and calculated by using Bragg’s law for each nanocomposite. The peak shifted to 
lower angles of 2o, 2.2o and 2.3o for 5, 7 and 10 wt% of nanocomposites respectively indicated 
that the polymer chains have intercalated into the C30BX layers. Nanocomposite with 5 wt% 
of clay does not show any ordered structure at low angles/large spacing. A broad peak was 
observed instead of sharp noticeable peak for 5 wt% of clay in PLA and PBS polymer 
matrices. According to figure 5.1-2, the characteristics peak of neat C30BX giving interlayer 
spacing (d001) = 17.8 Å shifted to higher d-spacing of 44.12 Å, 40.10 Å and 38.36 Å for 
nanocomposites having 5, 7 and 10 wt% of clay loadings, respectively. The shift of peak 
occurs due to the intercalation of the polymer chains into the clay galleries. Therefore, the 
greatest layer swelling was given by 5 wt% sample. Broadening of peak in nanocomposites 
containing 3 and 5 wt% of clay indicated existence of some exfoliated clay platelets. 
Therefore, a mixture of exfoliated and intercalated structure is observed at 3 and 5 wt% of 
C30BX loadings in PLA/PBS blend. The broadening of the peak occurs due to the partial 
disruption of parallel stacking or layer registry of the pristine organoclay, which reveals the 
existence of some exfoliation of clay platelets [118]. Nanocomposites of 7 and 10 wt% of clay 
clearly indicated intercalated structure. The intensity of these intercalated clay peak gradually 
increased with the addition of the clay. This increase in intensity occurs due to more diffracted 
x-rays from the parallel assembly of the additional intercalated clay [118].  
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In nanocomposites containing 3, 5, 7, and 10 wt% of clay, it was also noted that first peak was 
accompanied by the appearance of another peak at 2θ of approximately 6o. Also, in the 
loading range of 3-10 wt%, this secondary diffraction peak appeared at the same location with 
the same basal spacing for each nanocomposite. This suggests that the organoclay has been 
expanded or intercalated into the polymer matrices and thus influencing the chemical structure 
of the polymer chains. It was concluded that these secondary peaks could be related to the 
crystalline or amorphous spectra of these polymers.  
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Figure 5.1-3: WAXD profiles of PLA/PBS/7, PLA/7 and PBS/7 nanocomposites.  
 
WAXD profiles of several selected samples are shown in figure 5.1-3 and their interlayer 
spacing has been summarized in table 5.1-2. The interlayer distance of C30BX clay is 17.8 Å 
(2θ = 4.96o). 7 wt% C30BX increased the interlayer distance with 30.85 Å (2θ = 2.86o) when 
blended with PLA polymer. The increase in the distance between the clay layers was due to 
the intercalation of PLA into the interlayer spacing of clay. PBS/C30BX (93/7 wt%) has clay 
layer distance of 30.64 Å (2θ = 2.88o), which indicated that PBS polymer also has a tendency 
to intercalate between C30BX layers. The fact that the layer thickness of the nanocomposites 
PLA/C30BX was larger than that of PBS/C30BX indicates a better association or interaction 
between C30BX and PLA. It was interesting to note further that when both PLA and PBS 
polymers were mixed with C30BX the layer distance was further increased to 40.10 Å (2θ = 
2.2o). The clay interlayer was extended a lot in case of polymer blend/clay nanocomposite of a 
ternary mixture of PLA/PBS/C30BX. This confirmed that most likely both the polymers (PLA 
and PBS) have been intercalated between the clay layers. Wang and his co-workers [149] 
studied the compatibilizing effect of clay in PP/PS immiscible blends. They reported that 
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when organically modified montmorillonite (OMMT) was mixed with either PP or PS, the 
layer distance of OMMT was around 3.2-3.3 nm. But, when both PP and PS were mixed with 
OMMT, the layer distance increased further to 3.79 nm. Thus, it was suggested that both the 
polymers managed to intercalate between the OMMT clay layers. Lim et al. [150] and Chen et 
al. [151] also confirmed the intercalation of polymer blend matrix within OMMT, which are in 
agreement to the results obtained in this study. 
 
From table 5.1-2, it can also be concluded that the addition of PBS to the PLA/7 
nanocomposite system shifted the basal peak towards the lower diffraction angles (2θ) from 
2.86o to 2.2o for PLA/PBS/7 nanocomposites. PBS polymer made C30BX to disperse more 
equally in the PLA/PBS/C30BX nanocomposite system. When clay content exceeded the 
required level of dispersion to sufficiently cover the PLA phase, a surplus amount of the 
C30BX contents began to disperse in the PBS phase.  
  
Intercalated peaks of both the nanocomposites (PLA/7 and PBS/7 nanocomposites) were 
obtained at almost similar diffraction angles but the intensities were quite different. 
Characteristic peak in PLA/7 nanocomposite was broad as compared to PBS/7 nanocomposite 
(sharp peak). The complete profile of the peak at (2θ) ~ 2.86o was not available in this wide-
angle diffractometer because of the broadness of the peak.  The broadness of the peak can be 
explained by the tendency of exfoliation of C30BX in PLA/7 mixture due to association [152]. 
Whether C30BX has better affinity with PLA or PBS polymers can be determined by using x-
ray data of the ternary mixture. Figure 5.1-3 showed that both PLA nanocomposite and 
PLA/PBS nanocomposite have similar types of broad peaks. This selective nature can be 
explained by the better affinity of PLA chains to C30BX interlayer characteristics [150]. Lee 
et al. [153] also gave similar reasoning with biodegradable aliphatic polyester blends.  
 
Table 5.1-2: Interlayer spacing as determined by WAXD analysis 
 
Sample Diffraction angle (2θ) Interlayer spacing (Ǻ) 
C30BX clay 4.96o 17.8 
PLA/7 2.86o 30.85 
PBS/7 2.88o 30.64 
PLA/PBS/7 2.2o 40.10 
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5.1.2 ELECTRON MICROSCOPY   
 
Electron microscopy techniques like TEM, ESEM and SEM provides beneficial information 
for the characterisation of nanocomposites. Unlike x-ray diffraction techniques it provides 
qualitative information regarding the layered silicate basal spacing. TEM allows a qualitative 
understanding of the internal structure, spatial distribution of the various phases, and gives 
views through direct visualization. While WAXD allows quantification of changes in layer 
spacing, typically when layer spacing exceed 6-7 nm in intercalated nanocomposites or when 
the layers become disordered in exfoliated nanocomposites [20]. Small angle x-ray scattering 
(SAXS) and WAXD studies yielded quantitative characterisation of nanostructure and 
crystallite structure in Nylon-6 based nanocomposites [154]. TEM can further justify the 
observations and conclusions made by WAXD. Therefore, both TEM and WAXD are 
essential tools for evaluating nanocomposites structure more efficiently. 
 
Results from the morphological investigation of the polymer blend and its respective 
nanocomposites with C30BX are presented in the form of scanning electron microscopy 
(SEM) micrographs and transmission electron microscopy (TEM) images. Figure 5.1-4 shows 
the SEM image of PLA/PBS (80/20) blend while figures 5.1-5 to 5.1-9 illustrate TEM 
micrographs for PLA/PBS/C30BX nanocomposites of 1, 3, 5, 7 and 10 wt% of C30BX 
contents, respectively. TEM images showed dark entities which are intercalated silicate 
organoclay layers while bright areas are the polymer matrices. 
 
From figure 5.1-4, it is clearly seen that before the addition of the C30BX, both the polymers 
were not fully miscible. The average particle size was determined to be 7 μm, approximately. 
Bhatia et al. [155] investigated the compatibility between PLA and PBS polymers. They 
reported that a clear dispersed phase of PBS exists in all the compositions studied. As the PBS 
wt% increased, the phase separation was quite evident in the blends. Further, they concluded 
that beyond 80/20 (PLA/PBS) blends i.e. for high PBS content, the traditional morphology of 
immiscible blends can be seen. Similar type of immiscible morphology trend was reported for 
PLA and Poly (butylene succinate adipate) (PBSA) blends by Lee and Lee [156]. 
 
With the addition of 1 wt% of C30BX in PLA/PBS (80/20) blend, particle size reduced 
significantly (figure 5.1-5). The compatibilization by the excessive surfactant used to modify 
the montmorillonite clay and the increased viscosity may be considered as the reasons behind 
the reduction of the domain size. There are many reports that have shown that organoclay can 
act as compatibilizer for immiscible polymer blends. For instance, the domain size of the 
polystyrene/poly (methyl methacrylate) blend was reduced dramatically with the addition of 
the organoclay [157]. PLA/PBS/C30BX nanocomposite having 1 wt% of C30BX obtained 
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mixed morphology of intercalated and exfoliated structure. It was difficult to distinguish the 
PLA phase from the PBS domain because there was very little contrast difference between 
them. WAXD pattern of 1 wt% of C30BX showed no peak, thus achieved exfoliated structure. 
Another reason for the reduced domain size may be considered that the kinetics as well as the 
morphological development of phase separation of the blend are strongly influenced by the 
addition of the organoclay [151]. 
   
The WAXD pattern of nanocomposite having 3 wt% of C30BX showed featureless diffraction, 
indicating exfoliated morphology. In TEM image (figure 5.1-6), delaminated and stacked 
structure of the silicate layers could be readily observed with higher magnification. In general, 
many factors other than layer disorder such as intercalate composition, and silicate 
concentration may contribute to a featureless diffraction [35]. Thus, it can be concluded that 
PLA/PBS/C30BX-3 wt%) nanocomposite represents stacked intercalated and delaminated 
silicate layers in the polymer matrices. More precisely, 3 wt% of C30BX exhibited mixed 
intercalated/exfoliated morphologies or disordered intercalated structure of stacked silicates. 
Therefore, nanocomposites with 1 and 3 wt% of C30BX will be able to achieve greater 
enhancement of melt properties, mechanical, thermal and especially barrier properties and will 
be discussed in the following sections of this chapter.  
 
Big, clear and flocculated silicate layers tactoids are present in 5, 7 and 10 wt% of 
nanocomposites (refer figures 5.1-7 to 5.1-9). These tactoids are of average 40 nm thickness. 
It can be seen that increasing the clay concentration, the thickness of tactoids increased for 
PLA/PBS/C30BX systems with 5, 7 and 10 wt% of clay. However, these tactoids themselves 
gain some degree of disorderness, which may be due to the clay concentration as well as the 
shearing forces during the melt extrusion process in the preparation of the nanocomposite. 
TEM images clearly demonstrated that stacked and intercalated silicate layers were nicely 
dispersed in the PLA and PBS matrices. C30BX was dispersed not only in the PLA phase but 
also in the PBS phase with intercalated morphology. WAXD analysis also confirmed the 
formation of intercalated nanocomposites. Previous section of this chapter suggested that both 
the polymers have been intercalated between the clay layers of C30BX (figure 5.1-3 and table 
5.1-2). Although it can not be proved from TEM alone as there was little contrast between the 
two polymers.  
 
Many researchers have already proved that properties of nanocomposites improve 
significantly mainly at low level of nanofiller concentrations (≤ 5 wt%), which results in high 
aspect ratio and high surface area. In this work, when the content of C30BX clay was 
increased intercalated silicate layers and thick tactoids were obtained. At lower contents of 
C30BX, the clay layers were located exclusively in the PLA phase and few of the clay layers 
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were present in the interface between the PLA phase and the PBS phase. While at higher 
concentrations (5 wt% or more), larger amount of clay did not get enough place to disperse 
uniformly and so clay particles coagulated or may be clay is present between the interface 
which may be considered as the reason for the formation of tactoids or agglomerates. The 
effect of this morphology shall be seen in the properties to be discussed later in this chapter. It 
is expected that a significant amount of improvement will be seen in mechanical, rheological, 
thermal and gas barrier properties of these nanocomposites having less contents of clay due to 
their good morphology.    
 
 
Figure 5.1-4: SEM image of PLA/PBS (80/20) blend. This image was taken at magnification 
of x4000 (x4K). 
 
 
 
Figure 5.1-5: TEM image of PLA/PBS/C30BX nanocomposite having 1wt% of clay. 
10 μm 
20 nm 
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Figure 5.1-6: TEM image of PLA/PBS/C30BX nanocomposite having 3 wt% of clay. 
 
 
 
 
Figure 5.1-7: TEM image of PLA/PBS/C30BX nanocomposite having 5 wt% of clay. 
20 nm 
20 nm 
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Figure 5.1-8: TEM image of PLA/PBS/C30BX nanocomposite having 7 wt% of clay.  
 
 
 
Figure 5.1-9: TEM image of PLA/PBS/C30BX nanocomposite having 10 wt% of clay. 
20 nm 
20 nm 
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5.2 GAS BARRIER PROPERTIES 
 
 
Sheet like platelets (clay particles) are believed to increase gas barrier properties in 
nanocomposites. Barrier property improves due to the tortuous path being created by the clay 
particles which retards the diffusion of the gas molecules through the matrix region. This 
potential for enhanced barrier performance of the nanocomposite films relative to the films 
without any filler is a reflection of the larger aspect ratio and surface area of the 
montmorillonite layered silicate [158]. Bharadwaj [8] proved that exfoliation of silicate layers 
is the critical factor in determining the maximum performance of polymer silicate 
nanocomposites for barrier applications. The theory behind the improvement in the gas barrier 
properties of the polymer layered nanocomposites was explained in chapter 2, section 2.2 of 
this thesis.       
 
In this research work, the influence of clay content on the barrier performance to oxygen and 
water vapour was studied by investigating oxygen permeability and water vapour transmission 
rates of PLA/PBS/C30BX nanocomposites. Oxygen permeability results from MOCON 
testing of the neat PLA, PLA/PBS binary system and their nanocomposite films of different 
C30BX concentrations are shown in figure 5.2-1. All the nanocomposite films showed better 
oxygen barrier than pure PLA films as well as PLA/PBS blend films. 1 wt% of C30BX 
nanocomposite showed reduction in oxygen permeation rate while 3 wt% of C30BX content 
nanocomposite exhibited the highest reduction of approximately 26% in oxygen permeability 
compared to that of PLA/PBS blend without any clay. This is in agreement with the behaviour 
observed in tensile strength and tensile modulus. XRD and TEM results indicated exfoliated or 
disordered intercalated morphology occurred at 1 and 3 wt% of clay nanocomposites. As the 
clay content was increased, aggregation of the clay particles formed which yielded less 
improvement in oxygen barrier property. Research has shown that the degree of tortuosity also 
reflects geometrical influences like shape and state of exfoliation/intercalation of platelets and 
their orientation in the polymer matrix [8, 159]. For instance, SinhaRay and co-workers [160] 
found insignificant decrease in oxygen permeability for compression moulded PLA 
nanocomposites and therefore concluded that the planar orientation of the dispersed clay 
particles in the compression moulded films did not increase the tortuosity of the matrix 
adequately. Films produced by blown film process method generally show good improvement 
in barrier properties [97]. The biaxial orientation of silicate platelets in polymer matrix 
produced during the blown film process increased tortuosity enough to attain high 
enhancement in barrier properties. More importantly, it has been noted that even though the 
oxygen permeability did not decrease significantly for nanocomposites containing 7 and 10 
wt% of clay contents, it was a significant improvement in comparison to the PLA/PBS (80/20 
by wt %) blend. Due to the increased degree of aggregation with the clay concentration 
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supported by the TEM micrographs, restriction by the clay particles in the passage of oxygen 
decreased.  
 
PLA/PBS/C30BX nanocomposites exhibited modest improvement in water vapour barrier 
properties relative to that of the neat PLA and PLA/PBS blend. Water vapour transmission 
rates (WVTR) of all the samples are shown in figure 5.2-2. Nielsen [31] and Gerlowski [161] 
presumed general principle for the transportation of the water vapour. They stated that water 
penetrates montmorillonite layered silicate surface, form water clusters in the nanocomposites, 
and does not allow water to pass thorough quickly, and thus the diffusivity and the overall 
transport of water across the films is decreased. In PLA/PBS/C30BX nanocomposites water 
vapour permeation rate was not significantly reduced as in the case of oxygen permeation rate 
due to the hydrophilic nature of the polymers. When PBS was added in PLA matrix (PLA/PBS, 
80/20 by wt%), the water vapour transmission rate increased. During the transportation of 
water through the PLA/PBS films, water first gets absorbed and once saturation level is 
attained, water started to diffuse through the film and transportation takes place. PLA and PBS 
are highly hydrophilic polymers, thus once water get absorbed in the film, it allows water to 
evaporate immediately to the other end of the film where air is flowing containing less 
moisture and absorbs water vapour from the moistened cotton pad in the opposite end. All the 
nanocomposites showed higher values of water transmission rate in comparison to that of neat 
PLA polymer but with the increase in C30BX in the binary blend, the water vapour 
transmission rates decreased. However, the decrease in water vapour transmission rate was 
very modest. C30BX also acted as impermeable crystallites which decreased the amount of 
amorphous material through which water vapour could diffuse.    
 
Various researchers have also found improvement in barrier properties of the nanocomposites. 
Chang et al. [32] reported that the oxygen gas permeability of the PLA nanocomposites 
decreased to half of the pure PLA regardless of the nature of the OMLS clay used. Okamoto  
and co-workers [42] studied oxygen gas permeability and found significant improvement in 
PBS nanocomposites.  
 
In this work, the overall improvement in gas barrier property of PLA/PBS/C30BX system was 
not that high because the specimens used in this study for obtaining oxygen permeability were 
compression-moulded. Krook et al. [97] attributed two reasons for the relatively modest 
improvement of the barrier properties in compression moulded nanocomposites. Firstly, the 
void-content, which provides means for non-diffusion transport through the film and secondly, 
the non-uniformity of the clay particles. However, the relative improvement of the barrier 
properties of PLA/PBS/C30BX nanocomposites compression moulded samples studied in this 
work was probably because of the combination of the increased crystallinity due to the 
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presence of C30BX and the small decrease in void density as clay particles filled the voids. 
The improvement of barrier properties with the presence of crystalline fillers is well known 
[162-164]. The polymer crystalline regions are considered to be impermeable to small 
molecules such as gases, which can lead to a modification of the final properties. It has already 
been analysed that the presence of the filler (clay) may nucleate [165] crystallization leading to 
a change in morphology i.e. degree of crystallization. These can have an indirect effect on the 
transport properties.   
 
The significant drop in permeability with increased crystallinity is usually explained in two 
ways [162, 163]. Firstly, inclusion of impermeable crystallites decreases the amount of 
amorphous material through which the permeant can diffuse. Secondly, impermeable 
crystallites increase the tortuosities of the transport path.  In our case, although MDSC 
measurements (will be discussed in upcoming section) indicated that the polymer crystallinity 
in the nanocomposites was not affected by the presence of fillers, all the nanocomposites have 
lower permeabilities (oxygen and water vapour)  than that of the pure polymer blend 
(PLA/PBS, 80/20). This improvement in the gas barrier properties can be attributed to the 
achievement of the exfoliated and mixed morphology suggested by WAXD and TEM results. 
Gas barrier properties have been improved due to the good distribution of clay in both the 
polymers in the bulk phase especially at low concentrations while crystallinity and small 
decrease in void content at higher concentrations.   
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Figure 5.2-1: Oxygen permeabilities of PLA/PBS (80/20) blend and PLA/PBS/C30BX 
nanocomposites having 1, 3, 5, 7 and 10 wt% of clay. 
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Figure 5.2-2: Water vapour transmission rate (WVTR) of PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having 1, 3, 5, 7 and 10 wt% of clay. 
 
 
5.3 RHEOLOGICAL PROPERTIES 
 
Rheological studies on PLA/PBS/C30BX nanocomposites have been divided into two sections 
on the basis of two types of experiments performed. Dynamic shear (dynamic strain sweeps 
and dynamic frequency sweeps tests) and steady shear experiments were carried out to 
characterise the rheological behaviour of these nanocomposites at temperatures above their 
melting point. 
5.3.1 Dynamic Shear Rheology 
 
Rheological properties of the melt are very sensitive to the molecular structure of a polymer. 
Dynamic strain sweep test is essential before performing dynamic frequency sweep test to 
ensure the linear viscoelastic nature of the material. Linear viscoelasticity is the field of 
rheology related to the study of viscoelastic materials under small strain or deformation. 
Linear visoleastic region suggests that within this region the configuration of the 
macromolecules would remain unperturbed by the flow history [166]. It means that 
microstructure of the material would not be affected by shear alignment during the experiment.  
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Two conditions determine whether a material is linear viscoelastic or not. First, the stress 
remains linearly proportional to the imposed strain. In the linear viscoelastic region, both the 
storage and loss moduli should be independent of the strain applied. The second condition is 
that the torque response should involve only the first harmonic [167]. The absence of higher 
harmonics for the stress response corresponds that it (response) remains sinusoidal, thus 
second condition is fulfilled. If the two material functions, storage modulus (G’ (ω)) and loss 
modulus (G” (ω)), are known with sufficient precision over the range of frequencies from zero 
to a frequency higher than the reciprocal of the shortest relaxation time of interest, then also 
complete characterisation of the linear viscoelastic behaviour of the material can be 
considered [168].  
 
Dynamic strain sweep tests for all the samples were conducted at 175oC and at a constant 
frequency of 10 rad/s. Graph between storage modulus and strain is shown in figure 5.3-1. The 
linear region of each curve depicts linear viscoelastic behaviour of that particular material. 
Table 5.3-1 gives the limit of linearity for the blend and each of the nanocomposite material. 
Between the two rheological parameters, storage modulus and loss modulus, storage modulus 
is considered as the most sensitive to change in microstructure during the experiment [169].  
 
For PLA/PBS blend material, no significant change of storage modulus (G’) with increasing 
strain amplitude was observed. On the other hand, all the nanocomposites except 1 wt% of 
C30BX exhibited highly pronounced nonlinear behaviour, where onset of the G’ drop 
occurred around critical strain of 2.5%. This critical strain value marks the onset of non-linear 
viscoelasticity. It was also observed that as the concentration of C30BX increased the material 
remained independent of decreased strain. The limit of linearity of visoelastic region tended 
towards low strains amplitudes at higher clay concentrations. Nanocomposite with 1 wt% of 
C30BX showed linear viscoleastic region up to 40% strain. When the strain was applied 
during the test, the blend showed its inherent property of the polymers used for blending while 
nanocomposites became hard enough to move with shear. Due to the interaction between the 
polymer and the clay particles, nanocomposites exhibited solid-like behaviour. At sufficiently 
high strains, strain concentration occurring in the interparticle regions may lead to the 
perturbation of the entangled bulk matrix structure [170]. Therefore, mesostructure of the 
material started to respond according to the deformation. In the linear region, the 
mesostructure of the material remains in the quiescent state and the imposed deformation or 
strain is absorbed by the material. The strain applied is not high enough to unrest its 
equilibrium state. The critical strain amplitude marks the onset of alignment of silicate layers 
at lower strain amplitudes. During high shear, mesostructure of the material began to align in 
the direction of the shear flow. Krishnamoorti et al. [169] described these alignments as 
similar to that observed in crystalline polymers and block co-polymers. 
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Figure 5.3-1: Evaluation of the linear viscoleastic response of PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having various loadings of clay at a constant frequency of 
10 rad/s and 175oC.   
 
 
Table 5.3-1: Critical strain (%) of PLA/PBS blend and its nanocomposites. [Number in the 
bracket indicates loadings of clay.]  
 
Sample  
 
Critical Strain, (%) 
PLA/PBS/C30BX  
(0 wt%) 
 
100 
PLA/PBS/C30BX  
(1 wt%) 
 
40 
PLA/PBS/C30BX  
(3 wt%) 
 
2.5 
PLA/PBS/C30BX  
(5 wt%) 
 
2.5 
PLA/PBS/C30BX  
(7 wt%) 
 
1.5 
PLA/PBS/C30BX  
(10 wt%) 
 
1.0 
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The subsequent dynamic frequency sweeps tests were (oscillatory shear) conducted at strain 
amplitudes within the linear viscoelastic region. Oscillatory shear is the most popular 
experiment often used to characterise the linear behaviour of the molten polymer because it is 
easier to measure the storage and loss moduli using oscillatory shear experiments than to 
generate step strains or stresses and measure the resulting strain or stress  [168]. Rheological 
studies showed that polymer-filler and filler-filler interactions strongly affect the rheological 
behaviour of the nanocomposites. These rheological changes are related to the processing 
conditions of the materials. 
 
 Figure 5.3-2 and figure 5.3-3 shows the storage modulus (G’) and loss modulus (G”) versus 
frequency, respectively for PLA/PBS blend and its nanocomposites having different loadings 
of C30BX. Considering first storage modulus and loss modulus of PLA/PBS blend, PLA/PBS 
blend showed similar behaviour as neat PLA and neat PBS polymers (figure 5.3-4 and figure 
5.3-5). Both the moduli are falling between the ranges shown by the neat polymers. As the 
blend has rich content of PLA polymer, moduli are also more close to the moduli of PLA 
polymer which is quite expected.  
 
Both storage and loss moduli of PLA/PBS blend and its nanocomposites increased 
monotonically at all frequencies and showed terminal behaviour at lower frequencies for high 
clay concentrations nanocomposites. It was interesting to note that nanocomposites with 1 and 
3 wt% of C30BX behaved similarly to PLA/PBS blend with no filler. At low frequencies, 
there was a decrease in G’ (storage modulus) when the concentration of C30BX was increased 
from 0 to 3 wt%, while, at higher frequencies storage modulus of 1 and 3 wt% nanocomposites 
attained similar values. Storage modulus of PLA/PBS blend was always higher as compared to 
nanocomposites having 1 and 3 wt% of C30BX over the entire frequency range (0.1-100 rad/s) 
investigated during the experiment. Also, blend showed higher storage modulus and loss 
modulus as compared to all the nanocomposites at higher frequencies (figure 5.3-2 and figure 
5.3-3). Nanocomposites of higher clay concentration i.e. nanocomposites having 5, 7 and 10 
wt% of C30BX demonstrated increase in G’ especially at low frequencies, while, at higher 
frequency regions G’ all these nanocomposites coincided with each other. Increase in silicate 
concentration increased the solid-like or elastic nature of the nanocomposites. At high 
frequencies, the viscoleastic behaviour of these three nanocomposites was quite similar except 
only a small systematic increase in G’ with C30BX loading was noticed. This indicates that 
the observed chain relaxation modes are almost unaffected by the presence of the layered 
silicate particles (figure 5.3-2 and figure 5.3-3). However, at the low frequency region, both 
dynamic moduli exhibited weak frequency dependence in nanocomposites with higher 
concentrations of C30BX loading. For nanocomposites having 7 and 10 wt% of C30BX 
loadings, G’ became nearly independent of frequency. Nanocomposites having 5, 7 and 10 
 111
wt% C30BX demonstrated remarkably strong viscoelastic improvements. The rheological 
behaviour of the intercalated nanocomposites depends both on the intercalation of the polymer 
chains and on the alignment of the silicate layers [171]. It is to be noted that XRD and TEM 
results discussed in previous section also indicated intercalation structure for nanocomposites 
having 5, 7 and 10 wt% of C30BX.  
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Figure 5.3-2: Storage modulus, G’ versus frequency at 175oC of PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having various clay loadings. 
 
 
Similarly, G” (loss modulus) also showed improvements (figure 5.3-3). G” is a viscoelastic 
parameter that indicates the viscous or liquid-like behaviour of the material and it gives 
information mainly on the viscous or energy dissipation during flow [172].  Loss modulus for 
the blend and its nanocomposites also increased monotonically over the frequency range 
investigated in this study. At high frequencies, less increase in G” was observed because at 
high frequency region the anisotropic silicate platelets or stacks of platelets get aligned in the 
direction of the flow. Due to this alignment of the silicate layers, the moduli enhancement is 
less. The limited contribution at high frequency region was observed for both the dynamic 
moduli for all the nanocomposites. For PLA/PBS nanocomposites with C30BX loading in 
excess of 3 wt%, the liquid-like behaviour observed in neat PLA/PBS blend gradually changed 
to pseudo-solid-like behaviour. Nanocomposites containing 1 and 3 wt% of C30BX showed 
significant enhancements from low to high frequency region. High clay concentrations 
nanocomposites also demonstrated enhancements however, the slopes are less. The reason 
may be high content of silicate layers makes alignment easy and quickly during high 
frequencies. 
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Figure 5.3-3: Loss modulus, G” versus frequency at 175oC of PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having various clay loadings. 
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Figure 5.3-4: Storage modulus (G’) versus frequency of neat PLA and PBS polymers. Note 
that PLA was tested at 175oC and PBS at 110oC. 
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Figure 5.3-5: Loss modulus (G”) versus frequency of neat PLA and PBS polymers. Note that 
PLA was tested at 175oC and PBS at 110oC temperatures. 
  
 
Major changes have been observed in the storage and loss moduli of PLA/PBS/C30BX 
nanocomposites mainly at low-frequency regions during the dynamic oscillatory 
measurements. Slopes of these storage and loss moduli at low frequency help in the analysis 
of frequency dependence of both moduli. For non-crosslinked homopolymers, the power-law 
linear viscoelastic slopes can be expressed as G’α ω2 and G”α ω1 [167]. This can be mainly 
applied for homopolymers that behave as Newtonian fluid and exhibit terminal behaviour at 
low frequencies. For nanocomposites, the slope of moduli at low frequencies characterises 
their quiescent nature.  
 
Figure 5.3-6 shows the slope of G’ at low frequencies (0.1-1 rad/s) versus clay concentration 
(wt%) for PLA/PBS/C30BX nanocomposites. Slopes of G’ from the graph plotted between G’ 
vs. ω (figure 5.3-2) has been used. G’ (storage modulus) is considered as the most sensitive 
rheological parameter to change in the mesoscopic structure of the nanocomposites during the 
experiments at high temperatures. Independence of G’ with respect to frequency (ω) would 
mean pseudo-solid like characteristic. Pseudo-solid like behaviour was observed as shown in 
figure 5.3-2 and figure 5.3-3. The slope, α, as seen from figure 5.3-6 decreased from clay 
loading of 1 wt% to 3 wt%, then remained constant up to 5 wt%, and then increased sharply 
for 10 wt% of clay loading in nanocomposites. This change in slope marks the percolation 
threshold value (critical loading) of C30BX in PLA/PBS nanocomposites. Slopes of 3 and 5 
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wt% of nanocomposites were almost similar. In this work, rheological studies were carried out 
only for limited nanocomposites. Therefore, percolation threshold region of the 
nanocomposites studied in this research work lies between 3-5 wt% of C30BX. XRD and 
TEM results also concluded that up to 3 wt% of clay, nanocomposites have mixed 
morphology of exfoliated and intercalated nanostructure but after that exfoliation started to 
decrease, predominantly intercalated and latter on agglomerates were formed. Normally, for 
other polymers nanocomposites like polypropylene nanocomposites, threshold value is 2.5 
wt% of clay, where as in this case (PLA/PBS/C30BX nanocomposites) threshold value ranged 
between 3 wt% to 5 wt%. This is because of the polar nature of both the polymers (PLA and 
PBS) used to prepare PLA/PBS/C30BX nanocomposites. Similar values were also reported 
for EVA (ethylene-vinyl acetate) nanocomposites [144].  
 
As discussed earlier in dynamic rheology, nanocomposites having 1 and 3 wt% of C30BX 
showed similar type of behaviour to that of PLA/PBS blend with no filler. However, beyond 3 
wt% concentration, i.e. 5, 7 and 10 wt% of C30BX, nanocomposites showed pseudo-solid like 
behaviour (figure 5.3-2, figure 5.3-3 and figure 5.3-7). At 7 and 10 wt% of nanocomposites, 
G’ became nearly independent of frequency (ω). Therefore, it can be concluded that due to the 
gradual change from liquid-like behaviour for 3 wt% of clay nanocomposites to solid-like 
behaviour for 5 wt% clay nanocomposites, threshold region was attained. 
 
The percolation threshold value corresponds to the formation of three-dimensional network 
structure whereby silicate layers act as physical cross-linkers. Ayyer and Leonov [173] 
attributed that percolation threshold depends upon the number of silicate platelets per tactoid 
and the aspect ratio of the platelets. At low filler fractions, the particles were percolated within 
the polymer matrix and as soon as the filler fraction reached its maximum packing fraction, 
the polymer entrapped within the interstices of the filler network.  Mela and Alberola [174] 
corresponded this maximum packing fraction to the percolation threshold. Increase in silicate 
loading increases the packing density of silicates in the polymer matrix. Packing density 
increases when the clay tactoids or agglomerates are well dispersed and distributed within the 
matrix and thus increase the surface area of contact between the polymer matrix and silicate 
layers [144]. Yurekli et al. [175] worked on carbon-black-filler elastomers and noted that 
pseudo solid-like behaviour observed in storage modulus was due to the evolution of network 
structures.  
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Figure 5.3-6: Slope (α) of G’ at low frequency as a function of C30BX loading (wt%) for 
PLA/PBS/C30BX nanocomposites.  
 
 
 
Complex viscosities (η*) of PLA/PBS blend and its nanocomposites having various loadings 
of C30BX are shown in figure 5.3-7. Complex viscosities also showed similar type of 
behaviour that of dynamic moduli. Nanocomposites having 1 and 3 wt% of C30BX followed 
the same path of PLA/PBS blend; however, PLA/PBS blend has higher viscosity than these 
nanocomposites. The blend and nanocomposites with less concentration of clay exhibited 
almost Newtonian behaviour in the investigated frequency range. While, nanocomposites of 5, 
7 and 10 wt% of clay showed strong shear thinning behaviour over the frequency range 
investigated in this work. Evidently, as the filler concentration increased, the complex 
viscosity increased mainly at low frequencies only. At high frequencies, complex viscosities 
coincided with each other. At high clay loadings, due to the alignment of the silicate layers in 
the direction of the shear, shear thinning characteristic was clearly seen. Little effect of 
C30BX addition was observed at high frequencies, where the relaxation mechanism was 
mainly dominated by that of the polymer matrices, whereas at low frequencies, the relaxation 
was due to the particle-particle interactions inside the percolation network of the silicate layers 
[176]. Overall, complex viscosity behaviour of the nanocomposites was similar to that of 
storage moduli (figure 5.3-2), where higher concentrations of clay content demonstrated 
gradual change from the liquid-like behaviour observed in neat PLA/PBS blend to pseudo-
solid-like behaviour in nanocomposites.    
 
 
Percolation 
threshold region 
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Figure 5.3-7: Complex viscosity, (η*) versus frequency at 175oC of PLA/PBS (80/20) blend 
and PLA/PBS/C30BX nanocomposites having various clay loadings. 
 
 
Various authors like Larson et al. [177], Colby [178], Kossuth et al. [179] commented that in 
liquid crystalline and ordered block copolymer systems, a slight increase of low-frequency 
elastic modulus that varies in low power-law fashion occurs due to the presence of the micro-
domains or meso-scopic structures. This was the reason for the slight increase of elastic 
modulus at low C30BX concentration (≤ 3 wt%) nanocomposites. However, beyond this 
concentration, silicate layers formed a network-type of structure rendering the system highly 
elastic as revealed by low-frequency plateau. Rubber-toughened polymers also show similar 
type of plateaus because of the percolating network formed by the particles that imparts the 
blend with solid-like behaviour [180]. Such a behaviour was also seen in the dynamic 
complex viscosity (η*) of PLA/PBS/C30BX nanocomposites as shown in figure 5.3-7. 
 
5.3.2 Steady Shear Rheology  
 
The dependence of steady shear viscosity (η) on shear rate (
.γ ) as measured by constant rate 
steady shear measurements for PLA/PBS blend and its nanocomposite have been shown in 
figure 5.3-8. Similar flow characteristics were observed in all PLA/PBS/C30BX 
nanocomposites. Shear viscosity of all the nanocomposites decreased with increase in shear 
rate, exhibiting non-Newtonian shear thinning behaviour down to the lowest shear rates 
probed. With the increase of C30BX content in the nanocomposites, the pseudo-plastic 
behaviour is becoming more dominant. According to Choi et al. [181] the shear thinning 
nature of these nanocomposites means that they can be easily melt processed. Shear viscosity 
of PLA/PBS blend almost remained constant over the investigated range of shear rates 
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exhibiting Newtonian characterisation. During the melt processing in twin screw extruder, the 
nanocomposites were much easier to handle especially nanocomposites with high 
concentration of C30BX as compared to the PLA/PBS blend.  
 
Nanocomposites having 1 and 3 wt% of C30BX also showed Newtonian flow behaviour but 
only at low shear rates followed by continuous shear thinning behaviour. However, at high 
shear rates, they exhibited a high tendency for shear thinning behaviour. In the case of 
nanocomposites having 5, 7 and 10 wt% of C30BX, the shear viscosity increased with clay 
loadings with increase in shear rates. The increase in viscosity is a result of increased 
interactions between the silicate layers and PLA and PBS polymers chains [181].  They also 
exhibited shear-thinning behaviour, particularly at higher shear rates. At high shear rates, the 
viscosity of the nanocomposites was nearly independent of the filler loading, suggesting that 
the silicate layers and their tactoids contribute negligibly to the overall viscosity because of 
their ability to be aligned by the application of shear flow [169]. Nanocomposites with highest 
clay loadings exhibited a divergence of the viscosity consistent due to the formation of a 
percolated filler network structure [73]. These nanocomposites (7 and 10 wt% of C30BX 
loadings) did not show any sign of zero-shear plateau which may be due to presence of three-
dimensional network structure as stated earlier. Also, viscosities of nanocomposites containing 
higher clay loadings (5, 7 and 10 wt%) increased with the addition of clay at low and 
intermediate shear rate ranges, and then decreased after crossover point at low shear rates.  
Nanocomposites with 1 and 3 wt% of C30BX and PLA/PBS blend viscosities were also lower 
than nanocomposites having 5, 7 and 10 wt% of C30BX at low shear rate range while higher 
at high shear rate ranges. Also, at lower shear rates (< 0.1 s-1); the viscosity increase was 
monotonically higher with increase in C30BX content in PLA/PBS polymer blend, while at 
high shear rate range viscosity change was significantly less.  
 
 118
10
100
1000
10000
100000
0.01 0.1 1 10Shear rate,    (s-1)
V
is
co
si
ty
, η
 (P
a.
s)
PLA/PBS/1 PLA/PBS/3 PLA/PBS/5
PLA/PBS/7 PLA/PBS/10 PLA/PBS/0
.γ
 
Figure 5.3-8: Steady shear viscosity (η) versus shear rate (
.γ ) at 175oC of PLA/PBS (80/20) 
blend and PLA/PBS/C30BX nanocomposites having various clay loadings. 
 
From the observed enhancement in shear thinning behaviour at low shear rates for high clay 
content nanocomposites, it can be concluded that this resulted from the polymer imprisonment 
between clay particles and layers, by which a larger effective strain rate may be experienced 
[182, 183]. The non-Newtonian behaviour and strong shear thinning character at low shear 
rates especially for high clay nanocomposites can be attributed to the ability of steady shear to 
orient (i.e., alignment of silicate layers in the direction of shear) the highly anisotropic layers 
or collection of such layers in anisotropic tactoids figure 5.3-7. On the other hand, at high 
shear rates, the steady shear viscosity exhibited again strong shear-thinning behaviour, 
analogous to the results obtained in oscillatory shear. Viscosities of many filled systems are 
generally higher than their neat polymer due to the enhanced energy dissipation in the 
presence of solid particles. That is why at low concentration regimes the viscosities are quite 
similar to the neat polymer because of the little interparticle interactions as demonstrated by 1 
and 3 wt% of PLA/PBS/C30BX nanocomposites in this research work. 
 
 
In general, the steady shear viscosity for all the nanocomposites showed different behaviour 
especially at low shear rates, which suggested that the layers are strongly oriented in the flow 
direction. The measured viscosity and shear thinning behaviour at high shear rates are 
dominated by that of the polymer blend without any filler.  
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5.4 MECHANICAL PROPERTIES 
 
Mechanical properties are illustrated graphically in figures 5.4-1 to 5.4-4 showing the effects 
of clay content on tensile strength, percentage elongation at break and Young’s modulus. 
 
Effect of clay on tensile strength in blends of PLA/PBS (80/20) is quite significant as seen 
from figure 5.4-1. Tensile strength first increased then decreased with increasing amount of 
clay in PLA/PBS blends. However, tensile strength of PLA/PBS/C30BX nanocomposites was 
higher as compared to PLA/PBS blend. Tensile strength increased from 40 MPa for 80/20 
(PLA/PBS) blend to 45 MPa for the nanocomposite having 3 wt% of C30BX. However, 
higher content of C30BX (5 wt%, 7 wt% and 10 wt%) has detrimental effect on tensile 
strength as it decreased to 15.3 MPa for nanocomposite having 10 wt% of C30BX. Small 
amounts of well dispersed and exfoliated clay in nanocomposites at first increased the tensile 
strength because it reinforced the polymer matrices and deviated from the original crack 
propagation path. At high clay content the decrease in tensile strength can be attributed to 
weak regions in matrices-filler system. This is the region where loops in several chains are in 
close proximity, but do not entangle with one another [184]. These aggregates of chain ends 
also cause microcracks at the interface and lower the available matrix-clay interaction [185].  
Also higher concentrations (5 wt% or more) of clay made larger amount of clay to be present 
between the interface which was the reason for the formation of tactoids or agglomerates. The 
presence of clay between the interfaces at high concentration of clay has been discussed in 
thermal characterisation section which was investigated by modulated differential scanning 
calorimetry. All of the above possibilities lead to lower tensile strength values at higher 
content of clay in PLA/PBS/C30BX nanocomposites, shown in figure 5.4-1. 
 
The maximum value of clay content until which tensile strengths of the nanocomposites 
increased and possessed a maximum value is known as critical loading or optimum loading. In 
PLA/PBS/C30BX nanocomposites 3 wt% was concluded as the critical or optimum clay 
loading. Similar observations were noticed by Chang et al. [32] with PLA nanocomposites, 
where above the critical loading, the tensile strength of all the nanocomposites started to 
decrease. Organically modified clay can act as excellent reinforcing agents for polymer 
materials if dispersed properly in the polymer matrix. The dispersed silicate platelets allow for 
stress transfer to the high-surface area clay reinforcements, strengthening and toughening the 
polymer [186].  
 
 
The similar type of behaviour was seen for Young’s modulus, shown in figure 5.4-2. Young’s 
modulus first increased then decreased with increasing amount of C30BX in PLA/PBS blends. 
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Young’s modulus also increased with the increase in clay content up to 3 wt% and after that it 
decreased effectively especially for filler contents of 7 and 10 wt%. This may be due to the 
tendency of clay particles to aggregate at higher clay loadings. This effect can be seen at 5 
wt% of C30BX loading. This behaviour is nothing unusual as most researcher found the 
similar behaviour with other nanocomposites. For example, PLA nanocomposites investigated 
by Chang et al. [32] showed similar behaviour. Both the tensile strength and the Young’s 
modulus of PLA/PBS (80/20) blend and their nanocomposites were lower than that of neat 
PLA polymer. However, interestingly as C30BX was added into the polymer matrices both 
the tensile strength and the Young’s modulus of this system increased and the maximum 
values of both the properties were at 3 wt% of clay. Bhatia et al. [155] also reported 
decreasing trend of Young’s modulus and tensile strength with the addition of PBS content in 
PLA polymer (i.e. in PLA/PBS blends). PLA/PBS blends are examples of strain hardening 
blends [136].  
 
Results for percentage elongation at break are shown in figure 5.4-3. Ductility of PLA 
polymer increased with the addition of PBS polymer. Percentage elongation at break of 
PLA/PBS blends doubled to that of neat PLA polymer. The interaction between PBS and PLA 
was thought to be the reason behind this enhancement. The polar urethane bond of PBS 
interact with the terminal carboxylic acid or the main chain ester group of PLA polymer [187]. 
Moreover PBS polymer is quite flexible in nature. It helped in reducing the brittleness of PLA 
polymer. However, the addition of the filler (C30BX) did not improve the percentage 
elongation at break of the PLA/PBS/C30BX nanocomposites. In fact, the percentage 
elongations at break values are almost similar to that of neat PLA. Since the clay particles 
have rigid structures, the elongation of the pure resin (PLA/PBS blend) keep on decreasing as 
more clay was loaded to the matrix. Thellen et al. [158] mentioned that addition of filler to a 
plastic usually would decrease the elongation significantly. For instance, Lee et al. [188] 
noticed decrease of elongation at break of APES/Cloisite 30B and APES/Cloisite10A 
nanocomposites with increase of clay content. Similar type of behaviour was observed in 
PLA/PBS/C30BX nanocomposites in this research work. With the addition of the clay, a 
decrease in percentage elongation at break was noticed. This behaviour might be attributed to 
the aggregation of non-intercalated crystalline silicates in the nanocomposites that embrittle to 
PLA/PBS blend more. Also, the formation of large interface between the polymers and clay, 
the mobility of polymer chains get restricted.  
 
                
A typical stress-strain curve for the PLA, PLA/PBS (80/20) blend and PLA/PBS/C30BX 
(80/20/C30BX) nanocomposites having 1, 3, 5, 7 and 10 wt% of clay contents is shown in 
figure 5.4-4. The yielding elongation at the maximum load of PLA/PBS blend reached up to 
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50 MPa and for the nanocomposites it decreased as C30BX clay increased. Nanocomposites 
of 7 and 10 wt% of C30BX showed least yielding elongation at maximum stress and the 
elongation at break from the rest of the nanocomposites. Shibata et al. [187] studied 
PLA/PBSL (poly(butylene succinate-co-L-lactate) and PLA/PBS blends and reported an 
improvement in the elongation at break by the addition of small amount of PBSL and PBS in 
PLA. It was thought that polar urethane bond present in PBS may interact with the terminal 
carboxylic acid or the main chain ester group of PLA which enhanced the percentage 
elongation at break. While the enhancement in percentage elongation of PLA and PBSL 
blends was attributed to the ester bonding between PBSL and PLA. In PLA/PBS/C30BX 
nanocomposites studied in this work, addition of clay in PLA/PBS blend did not improve 
percentage elongation at break; however, addition of PBS in PLA certainly improved 
percentage elongation at break. Thellen et al. [158] also observed  improvement in the 
yielding elongation at maximum load in PLA nanocomposites.  
 
Bhatia et al. [155] observed that specimens for neat PBS broke after necking and stress 
increased with the strain above the yield stress. However, for PLA and PLA/PBS blends no 
yield phenomenon existed and the samples broke rapidly after yielding (brittle fracture). 
Percentage elongation at break for PLA/PBS blend was higher but the stress at yield point was 
less than that of pure PLA polymer (refer figure 5.4-4). For PLA/PBS/C30BX nanocomposites, 
due to the large interaction established between the polymers and the clay (C30BX) at low 
concentration, mobility of the chains were restricted. While due to the aggregation of clay 
particles at high concentration in nanocomposites, percentage elongation was not improved. 
Therefore, percentage elongation at break and yielding elongation at maximum stress both 
decreased as C30BX content was increased.  
 
These above observations for mechanical properties showed that PLA/PBS/C30BX 
nanocomposites have good stiffness than PLA/PBS blends at least up to a clay loading of 3 
wt%. Above this threshold content of C30BX, a drastic loss in ultimate tensile properties was 
observed.  
 
Overall, in comparison to the PLA/PBS (80/20) blend, the tensile strength and Young’s 
modulus have improved at the cost of percentage elongation at break. This enhancement may 
be attributed to the strong hydrogen bonding between polyester polymers (PLA and PBS) and 
cloisite 30BX used while preparing these nanocomposites. This further confirmed the 
importance of the strong interaction between the polymer and the clay in the formation of 
nanocomposites with better dispersion of clay particles in polymer matrices as seen in the 
XRD and TEM results (refer figure 5.1-2 and figures 5.1-7 to 5.1-9, respectively) is the 
essential features to improve mechanical properties. However, adding higher amount of 
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C30BX, the dispersion of clay was not ideal and the interaction was not complete, therefore 
tensile strength and Young’s modulus decreased. Mechanical properties have been improved 
up to 3 wt% of C30BX, which means that clay attained some interaction with PLA and PBS 
polymers in the nanocomposites.  
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Figure 5.4-1: Effect of C30BX on the tensile strength of PLA/PBS (80/20) blend and 
nanocomposites having various clay loadings. 
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Figure 5.4-2: Effect of C30BX on the Young’s Modulus of PLA/PBS (80/20) blend and 
nanocomposites having various clay loadings. 
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Figure 5.4-3: Effect of C30BX on the % elongation at break of PLA/PBS (80/20) blend and 
nanocomposites having various clay loadings. 
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Figure 5.4-4: Typical stress-strain curve for PLA, PLA/PBS (80/20) blend and 
nanocomposites having various clay loadings. 
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5.5 THERMAL CHARACTERISATION 
 
 
The motivation to study first the thermal characterisation of PLA and PBS blends was to 
check the miscibility between the two polymers. Sweet and Bell [189] and Roberts [190] 
studied blends of PLA and poly butylene succinate adipate (PBSA) polymers. Due to the 
presence of double endothermic peaks in the second heating cycle in the differential scanning 
calorimetry (DSC) thermograms, they concluded that blends are immiscible.  
 
Figure 5.5-1 showed the MDSC thermograms for the second heating cycle of neat PLA, neat 
PBS and their blends [155]. For neat PLA polymer, a broad crystallization peak was observed 
between 95 and 105oC. It was followed by a sharp melting peak at around 170oC. For neat 
PBS polymer also, the thermogram showed a melting peak at around 93oC. Glass transition 
temperatures (Tg) of the neat PLA and the neat PBS were also observed at about 58 and -34oC, 
respectively. A direct proof of polymer miscibility can be obtained by observing the change in 
Tg and Tm of both the polymers in the blend. In PLA/PBS blends, up to 10 wt% of PBS in PLA, 
Tg and Tm of PLA have not changed, while as the composition of the PBS content increased (> 
10 wt%) the thermogram started showing a small exothermal peak shift towards lower 
temperature and continued for other blends. The increase in PLA content in PLA/PBS blends 
also showed exothermal peak shift of PBS towards higher temperature. But the shift of 
exothermal peak in the blends was not so noticeable, which indicated immiscibility between 
the two polymers. In the entire composition range investigated, two distinct melting peaks 
were also observed, indicating that each component crystallized individually. This 
demonstrated that for up to 20 wt% of PBS in PLA, miscibility is possible and beyond that 
they become immiscible.  
 
Mechanical properties of PLA/PBS blends also did not show any improvement with the 
addition of PBS polymer in PLA, thus blends were considered as incompatible [155]. Sweet 
and Bell [189] and Roberts [190] reported endothermic peaks in the blends of PLA and PBSA 
polymers. They attributed these peaks to the re-melting of newly formed crystallite during 
heating.  Lee and Lee [156] provided reason for the appearance of double endothermic peaks 
in the second heating scan. These authors concluded that the appearances of double 
endothermic peaks were due to quenching after the first heating cycle. Therefore, it did not 
give sufficient time for high melting crystallite to form. Thus, more low crystallites were 
produced only. 
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where, w1 and w2 are the weight fractions of each polymer in the blend, 
Tg1 and Tg2 are the glass transition temperatures of each polymer in the blend, 
Tg is the glass transition temperature of the blend. 
 
From the classical Fox equation (equation (14)), Tg of different compositions of the blends 
were calculated and tabulated in table 5.5-1. The experimental Tg and Tg obtained from the 
classical Fox equation for 100/0, 90/10 and 0/100 wt%/wt% of PLA/PBS blend were almost 
same, while for other blends determination of experimental Tg was difficult to obtain. This 
suggested that PBS with less concentration has some miscibility with PLA matrix. 
 
Table 5.5-1: Calorimetry data derived from the thermograms obtained during second heating 
cycle at 2oC/min. of PLA/PBS blends. 
 
Mixing ratios of PLA/PBS 
(wt%/wt%) 
Tg  (oC) (experimental) Tg (oC) (Calculated from 
the Fox equation) 
100/0 58 58 
90/10 90 83 
80/20 --- 128 
50/50 --- 140 
20/80 --- -50 
10/90 --- -44 
0/100 -34 -34 
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Figure 5.5-1: MDSC thermograms of PLA/PBS blends (wt%)  (heating rate: 2oC/min., second 
heating cycle). 
 
Flory Huggins theory [96] is known as another method for checking polymer miscibility of 
two or more polymers by observing the melting point. The depression in melting point of the 
crystalline component in miscible blends gives the favourable thermodynamic interaction 
between the polymers. This method was also applied in this work to determine the miscibility 
between these two polymers. 
 
According to the Flory-Huggins theory [191], the melting-point depression of the 
crystallizable component in the compatible blend with a non-crystallizable component can be 
written as follows:  
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where, ΔHo  is the heat of fusion of the crystalline component, 
Vi is the molar volume of the polymer repeat unit, 
 R is the universal gas constant, 
mi and Фi are degree of polymerization and volume fraction, respectively, of component i.  
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Subscripts 1 and 2 refer to the noncrystalline (PBS) and crystalline (PLA) polymers, 
respectively. χ12 is the interaction parameter. If this interaction parameter is independent of the 
blend composition, a plot of the left-hand side of equation (15) versus (Ф1)2 gives a straight 
line passing through the origin, the slope of which is equal to χ12.The values of the left-hand 
side of equation (15) from the experimental melting-point temperatures was calculated using 
the parameters values (table 5.5-2) taken from the earlier study carried out by Park and Im 
[45] on the blends of poly(lactic acid) and poly(butylene succinate). The volume fractions (Ф1  
and Ф2)  of both the polymers in blends were calculated from weight fraction using the 
densities of PLA and PBS. Densities (ρ) of PLA and PBS are 1240 kg/m3 and 1230 kg/m3. 
 
Table 5.5-2: Parameters used in Flory Huggins equation for PLA/PBS blends [45]. 
 
ΔHo 120x106 J/m3 [192] 
m1 698 
m2 5097 
V1 152.2x10-6 m3/mol 
V2 57.14x10-6 m3/mol 
R 8.314 J/k/mol 
 
It is to be noted that the equilibrium melting point Tom for pure PLA in PLA/PBS blends was 
obtained by the intersection of Hoffman-Weeks plots of PLA/PBS blends when Tm = Tc in 
equation [45]. These authors noticed that the equilibrium melting point of the PLA phase 
decreased largely in the early stage, but this depression was decreased with increasing PBS 
content in PLA/PBS blends. Equilibrium melting points for PLA in all blends are given in 
table 5.5-3.  
 
 
Table 5.5-3: Results obtained from the Hoffman-Weeks Analysis of PLA component in 
PLA/PBS blends used in Flory-Huggins Equation [45]. 
 
PLA/PBS Blends (by wt%) Tom (oC) 
100/0 203 
90/10 198 
80/20 195.7 
50/50 189.9 
20/80 186.7 
10/90 186.1 
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Figure 5.5-2 shows plots of left-hand side of equation (15) versus (Ф1)2. The experimental 
points obtained by using melt temperatures of the PLA component in the PLA/PBS blends and 
other parameters were fitted to give a straight line. This straight line is not passing through the 
origin which means that this line has some deviation with the actual values and the intercept at   
(Ф1)2 = 0 is not a negligible value. Park and Im [45] implied that the interaction parameter is 
not independent of the blend composition or that the morphological changes such as small 
laminar thickness also affects the depression of the melting point. However, negative value of  
-0.11 of its slope indicated that the PLA/PBS polymer blends are thermodynamically miscible 
and compatible mixture of PLA and PBS polymer can be formed in the melting state above 
the melting point of PLA component. Intercept for this polymer blend has a negative value of 
-0.05. 
 
There may be two possible reasons for the fitted straight line in figure 5.5-2 not passing 
through the origin. First is the composition dependence of interaction parameter itself. Second 
is the thermal decomposition of PBS and PLA polymers in the blend at higher temperatures. 
Melting point of PBS polymer is nearly half the value of melting temperature of PLA polymer. 
PBS starts to decompose at approximately 130oC while PLA polymer is also unstable above 
its melting temperature even if kept for very little time. Due to chain scission, the degree of 
polymerization on the left-hand side of equation (15) changed. Hence, the line did not pass 
through the origin as expected.    
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Figure 5.5-2: Plots according to Flory-Huggins equation for PLA/PBS blends at various 
compositions. 
 130
Various combinations of C30BX with 80/20 (PLA/PBS) blend were also analysed by MDSC 
in the form of extruded film. From the modulated DSC experiments thermograms (figure 5.5-
3), it can be seen that the enthalpy of fusions, ΔHm for both the polymer resins, PLA and PBS 
in the nanocomposites are more than that to the PLA/PBS blend. Enthalpies of fusions for all 
the nanocomposites are shown in table 5.5-4. 
 
Single melting and crystallization peak in nanocomposites also indicated that both the 
polymers are miscible with each other at lower compositions. From Flory-Huggins equation 
also, it was concluded that PLA and PBS polymers are thermodynamically miscible above 
their melting points. In 80/20 (PLA/PBS) blend, there was only one crystallization peak (PLA) 
in second cooling scan (figure 5.5-3) and one melting peak (PLA) with a shoulder in second 
heating cycle (figure 5.5-1). While clay was added, two crystallization peaks were formed, 
indicating that clay did not improve the miscibility between the two polymers. However, 
mechanical properties (tensile strength and Young’s modulus) showed improvement up to 3 
wt% of clay content in PLA/PBS/C30BX nanocomposites. With the addition of the clay in 
PLA/PBS blend, PLA started to crystallize first. It can be concluded that with the increasing 
content of clay, thickness of the interface started to increase as compared to that of 80/20 
blend. Due to this increased thickness of the interface, decrease in mechanical properties was 
also noticed at higher clay concentrations i.e. 5, 7 and 10 wt% in the PLA/PBS/C30BX 
nanocomposites. Also, sharp shoot up in mechanical and barrier properties were not observed 
in these nanocomposites. However, there was noticeable enhancement in the properties with 
the increase in clay loadings in the nanocomposites.  
 
Equation (16) showed that the percentage of crystallinity depends on the enthalpy of fusion. 
 
H
H
c
m
m
c Δ
Δ= 100χ                    (16) 
 
 
where ΔHm is the enthalpy of fusion, ΔHcm  is the heat of melting of pure crystalline polymer 
and χc is the percentage of crystallinity.  
 
 
As seen from table 5.5-4, the enthalpies of fusions of PLA polymer remained almost constant 
with the addition of C30BX. However, enthalpies of fusions for PBS polymer increased with 
the addition of C30BX. With the increase in enthalpy of fusion, percentage crystallinity 
should also increase. Increase in bulk crystallinity in comparison to the pure polymer with the 
addition of another polymer or the filler means that the polymer or the filler acted as the 
plasticizer for that polymer.  In the nanocomposites at 5 wt% of C30BX content the enthalpies 
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of the fusion (∆Hm(PLA), ∆Hm(PBS)) were the highest compared to the other compositions of clay 
content. It implies that at 5 wt% of clay content, the percentage crystallinity was higher as 
compared to the other nanocomposites. Enthalpies of fusions for PLA for all other 
nanocomposites except 5 wt% of clay remained same. PLA/PBS/C30BX nanocomposites of 1 
and 3 wt% of clay did not show any increase in crystallinity (enthalpies of fusions for PLA) 
may be due to the mixed exfoliated and intercalated morphology acquired by these 
nanocomposites. Gopakumar et al. [193] studied influence of exfoliation on the physical 
properties of polyethylene/montmorillonite nanocomposites. They also noticed significant 
decrease in the degree of crystallinity of PE-g-MAn (polyethylene containing maleic 
anhydride) upon the exfoliation of clay platelets. They attributed this decrease to higher 
interfacial area and adhesion between the polymer and the clay, which acted to reduce the 
mobility of crystallisable chain segments. Also, 1 and 3 wt% of clay in PLA/PBS/C30BX 
nanocomposites was not enough to made any noticeable affect on crystallinity. However, 
nanocomposites of 7 wt% and 10 wt% of clay content also did not show any enhancement in 
enthalpies of fusion for both the polymers. Threshold region of C30BX in nanocomposites 
observed from rheological measurements may be considered as the main factor behind this 
result. As proved from rheological measurements, the threshold value of C30BX in 
PLA/PBS/C30BX nanocomposite was between 3 to 5 wt%. That is why in MDSC 
experiments for crystallinity, the enthalpies of fusion of PLA and PBS for 5 wt% were the 
highest in comparison to other nanocomposites. 
 
The effect on the crystallinity for both the polymers was due to the increase in clay loading in 
the nanocomposites. From MDSC and mechanical studies, it can be concluded that at lower 
concentrations of C30BX in PLA/PBS blends, C30BX may act as compatibilzer between PLA 
and PBS polymers.  
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Figure 5.5-3: MDSC thermograms of PLA/PBS/C30BX nanocomposites having various clay 
loadings (scanning rate: 2oC/min., second cooling cycle). 
 
Table 5.5-4: Calorimetry data derived from the thermograms obtained during second cooling 
cycle 2oC/min. of PLA/PBS/C30BX nanocomposites. [Number in the bracket indicates 
loadings of clay.]  
 
Samples ∆Hm (J/gPLA) ∆Hm (J/gPBS) 
 PLA/PBS/C30BX  
(0 wt%) 
32.48 --- 
PLA/PBS/C30BX  
(1 wt%) 
31.11 2.26 
PLA/PBS/C30BX  
(3 wt%) 
30.17 4.42 
PLA/PBS/C30BX  
(5 wt%) 
33.13 6.00 
PLA/PBS/C30BX 
 (7 wt%) 
31.56 4.84 
PLA/PBS/C30BX  
(10 wt%) 
31.36 4.12 
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5.6 THERMAL STABILITY 
 
Thermal stability of the nanocomposites was performed by thermogravimetric analyser, where 
the weight loss due to the volatilization of degradation by-products was monitored as a 
function of temperature increase. Figure 5.6-1 shows thermograms of thermal stability of 
polymer blend (PLA/PBS), (80/20) and its nanocomposites.  
 
The onset initial degradation temperature (TiD) (at 2% weight loss) was measured from the 
intersection of the tangent of the initial point and the inflection point. The onset initial 
degradation temperatures (TiD) of PLA/PBS blend and all its nanocomposites are reported in 
table 5.6-1. It is clear from figure 5.6-1 and table 5.6-1 that only 3 wt% of nanocomposite 
showed highest thermal stability among the PLA/PBS blend and all their nanocomposites. 
Thermal stability of PLA/PBS blend decreased with the incorporation of 1 wt% of C30BX, 
while, thermal stability of nanocomposites improved with the addition of more clay. It means 
that thermal insulation happened in this system at higher temperatures with nanocomposites 
having 3 or more than 3 wt% of C30BX. Initial degradation temperature of the 
nanocomposites started to decrease with the addition of clay beyond 3 wt%, however, their 
onset initial degradation temperatures were higher than that of PLA/PBS blend. 
Nanocomposite having 3 wt% of C30BX is considered as the optimum value for the 
enhancement of the thermal stability in nanocomposites used in this study. This optimum 
value or threshold value is relevant to the results obtained in mechanical, rheological and gas 
barrier properties measurements of these nanocomposites. The systematic decrease in thermal 
stability of PLA/PBS/C30BX nanocomposites after 3 wt% of C30BX loading may be due to 
the presence of excess amount of hydroxyl groups in the organic modifier that provided a 
supply of excess oxygen [176]. Another reason may be the poor dispersion or the 
accumulation of clay particles between the interface at higher concentration of C30BX being 
suggested by the XRD and TEM, and MDSC results, respectively, discussed in previous 
sections of this chapter. 
 
Various results have been published for other nanocomposites using various types of organo-
modified montmorillonite silicate layers with matrices such as nylon-6 [194], polystyrene 
[195], ethylene-vinyl acetate copolymer (EVA) [196] or poly (ε-caprolactone) [197]. All these 
findings showed enhancement in thermal stability with the addition of organoclay. Zanetti et 
al. [196] attributed the improvement of thermal stability of the nanocomposites to the 
shielding effect of the clay layers present in the polymer matrices. Small molecules generated 
during the thermal degradation process have to take a long way around the clay layers to pass 
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through because the layers of organo-modified silicate are impermeable. In this research work, 
it was noted that nanocomposite having 1 wt% of C30BX degraded at a little faster rate as 
compared to the pure polymer blend. This result may be due to the thermal instability of the 
surfactant, as alkyl ammonium modifiers are known to undergo Hoffman degradation around 
200oC [176]. 
 
It is interesting to notice that the onset initial degradation temperature of thermal degradation 
of nanocomposites having 5, 7 and 10 wt% of C30BX are lower than that of nanocomposite 
containing 3 wt% of C30BX. After 375oC, nanocomposites having 7 and 10 wt% of C30BX 
degraded at much slower rate compared to that of PLA/PBS blend; however, the degradation 
rates of nanocomposite with 1 and 5 wt% of C30BX were almost similar to the blend. This 
was most unexpected observation in this research because one of the property enhancement 
expected upon the formation of nanocomposites was the retardation of the thermal degradation 
which directly related to the amount of clay loading [11]. Degradation of nanocomposites 
containing 7 and 10 wt% of C30BX became slower as there was only inorganic 
aluminosilicate left in the system at high temperature and the amount of the inorganic residue 
left linearly increased with the wt% of C30BX originally incorporated into PLA/PBS blend. 
Paul et al. [98] also observed a slight decrease in thermal stability at a high loading of clay in 
plasticized PLA polymer. The protective silicate layer seemed to be less effective at higher 
concentrations of C30BX in nanocomposites than that obtained from the nanocomposites 
having lower concentrations of C30BX. This was perhaps related to the poor dispersion of 
C30BX in PLA and PBS polymers sample at high clay concentrations. Therefore, when clay 
content was in the higher range (> 3 wt%), the observed thermal stability behaviour of these 
nanocomposites was decided by the dispersion quality of C30BX content. Chen and Yoon 
[58] provided a plausible presumption for the formation of reactive radicals due to the 
presence of the organoclay during the thermal degradation. They further added that the 
decomposed products (reactive radicals) get chance to bind back with the undecomposed 
residual polymer matrix. Thus, these decomposed products try to shield the residual polymer 
to degrade up to some extent during the heating process. 
 
The weight of the residue at 600oC (wt600R) increased linearly, ranging from 0 to 8 % for 
PLA/PBS/C30BX nanocomposites having clay loadings from 0 to 10 wt% (table 5.6-1). This 
enhancement of the char formation was due to the high heat resistance thrusted out by the clay 
itself [198]. In this system, the onset degradation temperature of the nanocomposites increased 
as compared to the PLA/PBS blend expect nanocomposite having 1 wt% of C30BX, and the 
char residue at 600oC also increased linearly because of the incorporation of the organoclay, 
C30BX. The charring also has been reported to be partially responsible for the limited 
diffusion of the combustion gases which origins the fire retardant properties of PLS 
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nanocomposites [11]. Chang et al. [32] and Chang and co-workers [199] have also noted 
similar trends of enhancement in the char formation for other nanocomposites. 
 
In figure 5.6-1, thermal degradation takes place in two different steps i.e. after 80% weight 
loss, degradation slope becomes less steep. Nanocomposite containing 1 wt% of clay 
decreased faster until 80% weight loss, whereas, at a later stage (for the last 20 weight% loss) 
it decreased slower than other nanocomposites. It meant that C30BX was unable to fully 
improve the miscibility issue between the PLA and PBS polymers may be due to the thermal 
instability of the surfactants in the modifier organoclay.   
 
Activation energy for decomposition, Et of PLA/PBS blend and nanocomposites was 
calculated from the TGA curves by integral method proposed by Horowitz and Metzger [200] 
according to the following equation (17).  
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where α is the decomposed fraction,  
Et is the activation energy of decomposition,  
Tmax is the temperature at maximum rate of weight loss,  
θ is (T-Tmax), and  
R is the universal gas constant. 
 
Plots between ln[ln(1-α)-1] vs θ have been provided in the Appendix (figures A-4 to A-9). The 
activation energy for decomposition can be determined using the slope of the straight line 
from equation (17). Slopes were taken from figures A-4 to A-9 of Appendix. The calculated 
values of activation energy for decomposition are also given in table 5.6-1. The determined 
activation energy as a function of the C30BX loading in PLA/PBS blend is shown in figure 
5.6-2. As shown in table 5.6-1 and figure 5.6-2, the activation energy is dependent on C30BX 
concentration. The activation energy of the nanocomposites reached a maximum value of 
3151 (kJ/mol) when the concentration of clay was 3 wt% in PLA/PBS binary system. The 
initial degradation temperature and the activation energy for decomposition seemed to be 
related. Both the initial degradation temperature and the activation energy of decomposition of 
PLA/PBS/C30BX nanocomposites seemed to give similar conclusion which was obtained 
when morphological, rheological, mechanical and thermal properties studies were done for 
these nanocomposites.  
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Guo and his colleagues [201] and Chen and Yoon [58] both have reported thermal stability of 
the polymer nanocomposites. They reported that the activation energy is dependent on the clay 
loading. As concentration of clay increased, the activation energy also increased. Exfoliated 
nanocomposites are considered to be thermally more stable than intercalated nanocomposites 
[58, 201]. It has already been mentioned in this section that clay layers present in the polymer 
matrices provide shielding effect to the residual polymer from the flame of fire. 
Nanocomposites in this research work did not show much enhancement in thermal stability 
and activation energy in comparison to PLA/PBS blend except for the nanocomposite having 
3 wt% of C30BX. Activation energy of PLA/PBS blend was higher in comparison to all the 
nanocomposites except for 3 wt% of clay.  
 
The retardant effects of the exfoliated platelet to heat and oxygen in polymer is strengthened  
when the OMMT loading is less but as OMMT loading increases further, the nanocomposites 
develop an exfoliated/intercalated structure [201]. Tactoids are less effective in blocking heat 
and oxygen than exfoliated platelets. As a consequence, the activation energy decreases when 
the organoclay loading increased. PLA/PBS/C30BX (3 wt%) nanocomposites showed highest 
activation energy even though nanocomposite with 1 wt% of C30BX was having good 
morphology. This trend is unusual for nanocomposites. This may be due to the effective char 
yield formation on the residual polymer at 3 wt% of C30BX. Nanocomposites having 5, 7 and 
10 wt% of clay showed lower activation energy as expected due to the intercalated structure 
and tactoids formation of clay. 
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Figure 5.6-1: TGA curves of PLA/PBS blend and PLA/PBS/C30BX nanocomposites having 
various clay loadings. PLA/PBS ratio is fixed by weight% (80/20) for all the nanocomposites. 
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Table 5.6-1: Thermal stability parameters of the PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having various clay loadings. [Number in the bracket 
indicates loadings of clay.]  
 
Samples 
 
Onset initial degradation 
temperature, TiD  
(oC) 
Weight of residue 
at 600o C, (wt600R),  
(%) 
Activation energy of 
decomposition, Et  
(kJ/mol) 
PLA/PBS/C30BX 
(0 wt%) 
338 0 2109 
PLA/PBS/C30BX 
(1 wt%) 
335 1 1980 
PLA/PBS/C30BX 
(3 wt%) 
355 3 3151 
PLA/PBS/C30BX 
(5 wt%) 
340 5 1841 
PLA/PBS/C30BX 
(7 wt%) 
350 7 1991 
PLA/PBS/C30BX 
(10 wt%) 
348 8 1990 
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Figure 5.6-2: Effects of C30BX loading on activation energy calculated from equation (17) 
using Horowitz-Metzger method.  
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CHAPTER 6: MODELING OF GAS 
PERMEABILITY 
 
6.1 EXISTING MODELS 
 
Nielsen [31] worked out one model defining the maximum decrease in permeability that can 
be expected for the addition of a filler to a polymer. Nielsen addressed that if the filler 
particles are impermeable to a diffusing gas or liquid molecule, then the diffusing molecules 
must go around the filler particles to pass through the film. Filler particles lead to tortuous 
path for molecules travelling through a filled polymer film. As first approximation, equation 
(18) was often used. 
 
    τ
φ p
p
s
P
P =                   (18) 
 
 
where Ps and Pp are the permeabilities of the polymer-silicate nanocomposite and pure polymer, 
respectively,  
Фp is the volume fraction of the polymer, and  
τ is the tortuosity factor.  
 
The tortuosity factor is defined as follows: 
 
   τ = distance a molecule must travel to get through film  (19) 
     thickness of film 
 
Nielsen [31] emphasized that equation (18) can not be totally true when the polymer is filled 
with the filler. Nielson did not take into account other factors such as horizontal variations of 
the permeating material as it passes around the particles, as illustrated earlier in figure 2.2-1.  
 
By assuming various simple assumptions such as filler particles are circular or rectangular 
plates and are uniformly and completely dispersed in the polymer matrices and that the plates 
are oriented parallel to the polymer film surface, the maximum distance to be travelled by the 
molecule was attained and thus it provided maximum possible tortuosity factor, the 
permeability equation became as equation (20).   
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where L and W are the length and thickness of the filler platelets and Фs is the volume 
fraction of the filler (silicate sheets). Initially, dependence of permeability on factors such as 
the relative orientation of the silicate sheets in the matrix and the state of the aggregation and 
dispersion were not taken into consideration. Bharadwaj [8] proposed extensions to the 
tortuosity-based model to include both orientational order and state of dispersion of the 
silicate sheets in addition to the concentration and sheet dimension variables in order to 
provide guidance in developing better barrier properties materials using the nanocomposite 
approach. Detailed theory and the assumptions considered by the Bharadwaj model were 
already discussed in chapter 2, (section 2.2).  
 
6.2 VALIDATION OF EXISTING MODEL  
As stated previously in section 2.2, chapter 2, according to the Bharadwaj model [8] the 
permeability of the nanocomposite (Ps) is related to the permeability of the pure polymer (Pp) 
and the volume fraction of the sheets (Фs), length (L) and width (W) of the sheets (clay 
particles) as shown in equation (21). S is called as sheet order parameter. When S = 1 in 
equation (21), it reduces to the expression given in equation (20). 
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The width of the basic structural unit of montmorillonite is well defined and is approximately 
given as W ~ 1 nm; however, the length shows large distribution ranging from 100 nm to 
several microns depending upon the concentration of the filler in the polymer. Effective length 
and width of the sheets of the nanocomposites can change rapidly through aggregation. 
 
The estimation of the particle length or the clay length was required to calculate the relative 
permeability of the gas passed through the nanocomposite films by using the Bharadwaj 
model. As seen from equation (20) derived by Bharadwaj [8], volume fractions of the sheets, 
sheet length and sheet width are the required parameters for the calculations of relative 
permeability for nanocomposites. 
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Estimation of the sheet length was by far the least straight forward analysis. Importantly, two 
main reasons made this determination of sheet length quite complicated. Firstly, on the 
micrograph images of the nanocomposites only the projections of the particle transect were 
seen. Therefore, the real dimensions could not be estimated. Secondly, the features appearing 
on the micrograph images were not straight; therefore a computer assisted analysis method 
was required [202]. Unfortunately, a fully automated image analysis was excluded, because of 
the poor visibility of the particles on the image. However, a semi-automated image analysis 
was conducted and this image analysis method was used to estimate the sheet length of the 
clay particles. The volume fractions of the sheets in nanocomposites were calculated from the 
weight fraction using the density of C30BX. Density of the C30BX is 1980 kg/m3. 
 
TEM images of polymers normally consist of different shades of gray colour which primarily 
indicates mass-thickness contrast throughout the sample. However, in the case of 
nanocomposites, contrast could also arise due to the atomic number within the materials. 
Regions of high atomic number appear dark; while that of low atomic numbers appear light. 
However, to naked eye, this discrimination between the greyish polymeric regions and the 
dark lines corresponding to the aluminosilicate platelets is relatively easy. In semi-automated 
image analysis method, conversion of the original TEM photomicrograph into black and white 
image is necessary. 
 
A semi-automated method [203] consists of firstly, manually tracing the dispersed platelets 
and the agglomerates on the transparent film overlaid on the micrograph image print using a 
black permanent pen. The isolated platelets were considered as single platelets. The resulting 
transparent film was then electronically scanned and converted into a greyscale tagged-image 
film format (TIFF) image file. The micrograph image and its scanned image obtained by 
manually tracing the particles are presented in figure 6.2-1.   This greyscale image can then be 
converted into black and white or binary image by using image analysis software (Scion 
Image Beta 4.02, Scion Corporation, USA). This software easily convert TIFF file into a 
binary image and creates a duplicate of the image, length of the traced particles were 
measured and exported into a separate file. Binary image sets 255 pixels to the black images 
and all other colours as 0 that have been highlighted by thresholding. From this separate file, 
the sheet lengths of the particles were used to obtain histograms of various nanocomposites 
using Minitab 15 software. Figure 6.2-2 shows histograms of all C30BX particle lengths and 
pertinent statistical data obtained on all the PLA/PBS/C30BX nanocomposites having various 
clay loadings. Here, the effects of clay concentration can be easily seen as sheet length 
increased with the addition of C30BX. Thus, average sheet lengths along with standard 
deviations were obtained. As mentioned earlier, width of the sheet has been considered as 1nm 
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while performing calculation of relative permeability of the nanocomposites using equation 
(20). 
 142
 
 
 
Figure 6.2-1: TEM (a) of PLA/PBS/C30BX nanocomposite containing 1 wt% of clay at 20 nm 
and its scanned image (b) of a transparent film obtained by manually tracing the particles by 
superimposing on the micrograph print.  
 
 
(a) 
(b) 
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Figure 6.2-2: Particles length distribution for PLA/PBS/C30BX nanocomposites. [Number in 
the bracket indicates loadings of clay.]  
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Calculated values of tortuosity and relative permeability of all the nanocomposites using 
equation (20) are presented in table 6.2-1. By comparing the relative permeabilities of oxygen 
obtained from the experiments and from the model, it can be easily seen that the experimental 
data very well validate the Bharadwaj model for nanocomposites having lower concentration 
of clay. 1 wt% of nanocomposite has the shortest sheet length and with the increase in clay 
loadings sheet length increased. At low concentrations of clay contents, clay particles were 
dispersed in a good way as compared to the nanocomposites of higher content of C30BX 
(refer XRD and TEM results) which gave short clay lengths while at higher concentrations of 
clay particles in the nanocomposites, sheet length started to increase. Increase in sheet length 
also means that at higher concentrations, intercalation of sheets occurred. From TEM images, 
it was seen that as concentration of clay increased, agglomerates and clay clusters formed. 
Therefore, effective width of the clay sheets also increased. The increased width including the 
polymer layer thickness is called as effective width. Instead of 1 nm, it can adopt variable 
widths depending on the extent of delamination. Therefore, effective width of the silicate 
sheets may become higher than 1 nm, depending upon the thickness of the clay clusters. 
Discussion on the effect of the increasing aggregation on the effective width, thus on the 
relative permeability has been described in chapter 2 of this thesis. However, here W = 1 nm 
and S = 1 (planar arrangement of silicate layers to the path of gas molecule to diffuse) has 
been taken as assumption while doing calculations using model based on gas barrier.   
  
Figure 6.2-3 showed that experimental data validated the Bharadwaj model up to sheet length 
of approximately 80 nm. After that, at high sheet lengths, more and more deviation from the 
Bharadwaj model was observed. This may be due to the fact that certain assumptions like 
good dispersion of clay particles in the polymer matrix (S = 1 and W = 1 nm) has been 
considered in the Bharadwaj model. As discussed in chapter 5, sections 5.1 and 5.2, at high 
clay content i.e. after 3 wt% of clay, intercalation occurred in nanocomposites. Therefore, due 
to agglomeration and intercalation, width of the sheet did not remain as 1 nm. At high 
concentrations, width becomes effective width, which depends on the stacks in sheet layers. 
The tendency of the silicate sheets to agglomerate was indeed expected to become more 
severe as the clay concentration increases because of the higher probability of collision 
between particles at higher concentration. Due to the change in width of the silicate sheet, 
aspect ratio (L/2W) also changed, thus high enhancement in gas barrier was not noted and so 
as the validation of the Bharadwaj model. As seen in figure 6.2-3, at high content of C30BX 
particles, the Bharadwaj model was not validated by the experimental data of 
PLA/PBS/C30BX nanocomposites.     .    
 
Recalling figure 2.2-4, it was clearly seen that as the effective width of the silicate sheet 
increased, nanocomposites showed high relative permeabilities. Aggregation through 
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intercalation served to increase the effective width of the nanocomposites with higher clay 
loadings. Bharadwaj stated that the state of delamination ultimately controls the barrier 
properties of polymer-layered silicate nanocomposites. Due to the presence of agglomerates 
and stacks of silicate sheets at high concentration of clay loadings high enhancement of gas 
barrier property was not noted in PLA/PBS/C30BX nanocomposites studied in this research 
work.   
 
Table 6.2-1: Permeability parameters used to validate the Bharadwaj model. [Number in the 
bracket indicates loadings of clay.]  
 
Relative permeability Samples 
 
Volume 
fraction, 
Фs 
Sheet 
length, 
L (nm) 
Width 
of the 
sheet, 
W 
(nm) 
Tortuosity 
factor,  
τ 
Model Experimental 
PLA/PBS/C30BX 
(0 wt%) 
0 0 0 1 1 1 
PLA/PBS/C30BX 
(1 wt%) 
0.006503 79.04 1 1.256 0.79 0.84 
PLA/PBS/C30BX 
(3 wt%) 
0.018665 82.69 1 1.771 0.55 0.74 
PLA/PBS/C30BX 
(5 wt%) 
0.031423 131.4 1 3.064 0.32 0.71 
PLA/PBS/C30BX 
(7 wt%) 
0.044344 135.3 1 3.999 0.24 0.74 
PLA/PBS/C30BX 
(10 wt%) 
0.062522 154.8 1 5.839 0.16 0.75 
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Figure 6.2-3: Relative permeabilities obtained from equation (20) (assuming W = 1 nm) and 
experimental data (MOCON, oxygen permeability unit), showing the validation of the 
Bharadwaj model.  
 
Relative permeabilities calculated by assuming width (W) as 1 nm were summarized in table 
6.2-1 and graphical representation was given in figure 6.2-3. As explained earlier, width of 
silicate sheet did not remain 1 nm in nanocomposites for higher concentrations of clay. Table 
6.2-2 and figure 6.2-4 showed new calculated relative permeabilities of PLA/PBS/C30BX 
nanocomposites. These calculations have been carried out by considering effective width of 
silicate sheets as width. Unfortunately, determination of effective width was impossible yet by 
using image analysis software. Therefore, the value of effective width was determined 
manually from the TEM image for nanocomposite containing only 1 wt% of C30BX. 
Considering this as the best possible method to evaluate effective width, relative permeability 
was calculated using equation (20). For other nanocomposites determination of the effective 
width was impossible due to the non-clarity and big clay clusters in the images, thus arbitrarily 
effective width has been chosen according to the content of C30BX. From figure 6.2-4, it can 
be seen that the calculated relative permeability using the Bharadwaj model is very high. 
However, relative permeability of the nanocomposites obtained from MOCON oxygen 
permeability unit was comparatively lower. Clay particles in the polymer matrices fill the 
voids in the polymer matrices, thus, decrease the void density. Therefore, improvement in 
barrier property with the presence of C30BX was observed during the experimental data.    
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Table 6.2-2: Relative permeability calculated by using the Bharadwaj model assuming 
effective width of the silicate sheets in the nanocomposites instead of width = 1 nm. [Number 
in the bracket indicates loadings of clay.]  
 
Relative permeability Samples 
 
Volume 
fraction, 
Фs 
Sheet 
length, 
L (nm) 
Effective 
width of 
the sheet, 
W (nm) 
Tortuosity 
factor,  
τ Model Experimental
PLA/PBS/C30BX 
(0 wt%) 
0 0 0 1 1 1 
PLA/PBS/C30BX 
(1 wt%) 
0.006503 79.04 10 1.025 0.79 0.974 
PLA/PBS/C30BX 
(3 wt%) 
0.018665 82.69 18 1.042 0.78 0.94 
PLA/PBS/C30BX 
(5 wt%) 
0.031423 131.4 25 1.082 0.75 0.89 
PLA/PBS/C30BX 
(7 wt%) 
0.044344 135.3 30 1.099 0.73 0.87 
PLA/PBS/C30BX 
(10 wt%) 
0.062522 154.8 37 1.130 0.68 0.83 
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Figure 6.2-4: Relative permeabilities obtained from equation (20) using assumed effective 
width and experimental data.  
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CHAPTER 7: CONCLUSIONS AND 
RECOMMENDATIONS 
 
The aim of this study was to develop biodegradable polymer/clay nanocomposites which have 
supercilious gas barrier properties in addition to good mechanical, thermal, morphological and 
rheological properties as compared to its virgin polymer.  
 
Nanocomposites of binary blend of PLA/PBS in fixed composition of 80/20 ratio by wt% with 
various loadings of organically modified montmorillonite clay, experimental grade, Cloisite 
30B (C30BX) were prepared using a twin screw extruder. 1, 3, 5, 7 and 10 wt% of clay 
loadings were added in the PLA/PBS blend. In this study, the effect of C30BX and its content 
on structure and various properties were observed. Also, the validation of a model based on 
the gas barrier properties was done. 
 
7.1 CONCLUSIONS 
 
 
The following conclusions could be drawn from this work on biodegradable nanocomposites: 
 
o Wide-angle x-ray diffraction (WAXD) of the samples revealed that 1 and 3 wt% of 
C30BX in PLA/PBS blend showed exfoliated structure due to the absence of diffraction 
peak, while 5, 7 and 10 wt% of C30BX were predominantly intercalated. 
o Transmission electron microscopy (TEM) confirmed that 1 wt% of C30BX 
nanocomposite possessed mixed morphologies of intercalated and exfoliated structures.  
o Scanning electron microscopy (SEM) confirmed that an immiscible polymer blend was 
formed and that there may have been phase inversion at low (20 wt%) concentration of 
PBS. Low PBS content blends comprised of dispersed PBS phase in a PLA matrix as 
compared to that for high content of PBS content. From SEM and TEM images, it can be 
concluded that with the addition of C30BX in PLA/PBS blend, reduction of dispersed 
phase particle size has occurred. 
o In dynamic oscillatory tests, it was concluded that both storage and loss moduli increased 
with frequency. There was not much change in the viscoleastic behaviour at low content 
of clay (i.e. 1 and 3 wt%), while high clay content strongly improved the viscoelastic 
behaviour of the nanocomposites. In the low frequency region, nanocomposites of high 
clay content attained terminal region. With the increase in concentration of clay, liquid-
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like behaviour of PLA/PBS blend gradually changed to solid-like behaviour. The 
percolation threshold region for PLA/PBS/C30BX nanocomposites was deemed to lie 
between 3 to 5 wt% of clay loadings.  
o Steady shear viscosity for the nanocomposites decreased as shear rate increased, 
exhibiting shear thinning non-Newtonian behaviour. At higher clay concentrations, 
pseudo-plastic behaviour was dominant, while pure blend showed almost Newtonian 
behaviour. At higher shear rates, shear viscosities of Nanocomposites containing 5, 7 and 
10 wt% of clay approached to similar values suggesting that the silicate layers and their 
tactoids contribute negligibly to the overall viscosities due to the alignment in the flow 
direction by shear flow.  
o Mechanical properties showed only modest improvements but at the cost of percentage 
elongation at break with the addition of clay in PLA/PBS/C30BX nanocomposites. 
Tensile strength and Young’s modulus increased with the clay content. 3 wt% C30BX 
nanocomposite exhibited highest values for tensile strength and Young’s modulus. 
Percentage elongation at break for all the nanocomposites was almost similar to that of the 
neat PLA polymer. However, percentage elongation was improved when PBS polymer 
was added into PLA matrix. 
o Modulated differential scanning calorimetry (MDSC) showed that in nanocomposites, the 
enthalpies of the fusions for PLA and PBS polymers were the highest for nanocomposite 
having 5 wt% of C30BX content. However, the crystallinity of the nanocomposites was 
not much affected by the addition of clay. It can be concluded from MDSC results that 
some compatibilzer is required so that PLA and PBS polymers can be fully compatible. 
o Thermogravimetric analysis showed that nanocomposite containing 3 wt% of C30BX 
demonstrated highest thermal stability compared to other nanocomposites. 
Nanocomposite having 1 wt% of C30BX did not achieve expected level of thermal 
stability because of the thermal instability of the surfactant present in the organoclay.  
o Improvement in the oxygen barrier property with the increase in clay content was 
significant for PLA/PBS/C30BX nanocomposites, however, water vapour permeation rate 
showed modest improvement in this system. In this study, compression moulded samples 
were used for the determination of gas permeabilities. Due to the planar orientation of the 
dispersed clay particles, tortuosity path for the gas molecules did not increase 
significantly and thus the improvement in gas barrier properties was not significant. 
o PLA/PBS/C30BX nanocomposites validated the Bharadwaj model only up to 3 wt% of 
clay content. In this study, model was validating only up to 3 wt% of clay concentration 
and for nanocomposites at higher concentration of C30BX, due to the formation of 
clusters and agglomerates. Deviation from the Bharadwaj model was observed at higher 
clay concentrations as the formation of the clusters increased their effective width.   
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7.2   RECOMMENDATIONS FOR FUTURE WORK 
 
The following are recommendations for possible future work in this area: 
 
o WAXD analysis should be performed on injection-moulded samples. Injection moulded 
samples have better surface quality and thus it should result in fewer artifacts of the 
WAXD scans. Also, the transmission mode is preferred to the reflection mode, because it 
is less sensitive to surface defects. 
o As both the polymers have very little contrast, therefore, it was difficult to see the equal 
dispersion of clay in both the polymer phases. TEM using staining method may give clear 
image of both the polymers in the nanocomposites. 
o The qualitative TEM image analysis method proved to be very useful in this work to 
determine length of the silicate sheets in the nanocomposites. The use of an optical pen 
would greatly help the semi-automated image analysis method. 
o  In this study, clay enhanced mechanical properties but not that significantly compared to 
nanocomposites published in literature. Same was the case with gas barrier properties 
(oxygen and water vapour permeability). This experimental grade clay could not act alone 
as a compatibilizer for PLA and PBS polymers. Some other type of modifier in the clay 
can enhance properties of these biodegradable nanocomposites. 
o Biodegradability of the nanocomposites should be investigated.  
o Investigations of gas barrier properties on blow moulded film samples would give high 
improvements.   
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APPENDIX 
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Figure A-1: WAXD diffractograms of PLA/PBS/C30BX nanocomposites having 1, 3, 5, 7 and 
10 wt% of clay. 
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Figure A-2: Evaluation of the linear viscoleastic region of PLA/PBS (80/20) blend and 
PLA/PBS/C30BX nanocomposites having various loadings of clay at a constant frequency of 
10 rad/s and 175oC.   
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Figure A-3: TGA thermograms of PLA/PBS blend and PLA/PBS/C30BX nanocomposites 
having various loadings of clay. PLA/PBS ratio is fixed by weight% (80/20) for all the 
nanocomposites. 
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Figure A-4: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS (80/20) blend for determination of the 
decomposition activation energy. Straight line is the linear fit of the data points. 
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Figure A-5: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS/C30BX (1 wt%) nanocomposite for 
determination of the decomposition activation energy. Straight line is the linear fit of the data 
points. 
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Figure A-6: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS/C30BX (3 wt%) nanocomposite for 
determination of the decomposition activation energy. Straight line is the linear fit of the data 
points. 
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Figure A-7: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS/C30BX (5 wt%) nanocomposite for 
determination of the decomposition activation energy. Straight line is the linear fit of the data 
points. 
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Figure A-8: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS/C30BX (7 wt%) nanocomposite for 
determination of the decomposition activation energy. Straight line is the linear fit of the data 
points. 
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Figure A-9: Plot of ln [ln (1-α)-1] vs θ of PLA/PBS/C30BX (10 wt%) nanocomposite for 
determination of the decomposition activation energy. Straight line is the linear fit of the data 
points. 
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Table A-1: Oxygen permeabilities through PLA, PLA/PBS blend and PLA/PBS/C30BX 
nanocomposites having various loadings of clay. [Number in the bracket indicates loadings of 
clay.] 
 
Sample (0.35 mm 
thickness) 
Source document units 
(cm3mil/m2.day.atm) 
Normalized units 
(cm3.mm/m2.day.atm) 
PLA 801.09 20.35 
 
PLA/PBS/C30BX  
(0 wt%) 
814.86 20.70 
 PLA/PBS/C30BX 
 (1 wt%) 
683.30 17.36 
PLA/PBS/C30BX  
(3 wt%) 
603.26 15.32 
PLA/PBS/C30BX  
(5 wt%) 
612.01 14.77 
PLA/PBS/C30BX  
(7 wt%) 
605.52 15.38 
PLA/PBS/C30BX  
(10 wt%) 
608.08 15.45 
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Table A-2: Water Vapour Transmission rates through PLA, PLA/PBS blend and 
PLA/PBS/C30BX nanocomposites having various loadings of clay. [Number in the bracket 
indicates loadings of clay.] 
 
Sample (0.35 mm 
thickness) 
Source document units 
(gm/m2.day) 
Normalized units 
(gm.mm/m2.day) 
PLA 18.8 6.6 
 
PLA/PBS/C30BX  
(0 wt%) 
25.8 9.1 
PLA/PBS/C30BX  
(1 wt%) 
23.6 8.3 
PLA/PBS/C30BX  
(3 wt%) 
21.7 7.6 
PLA/PBS/C30BX  
(5 wt%) 
21.3 7.5 
PLA/PBS/C30BX  
(7 wt%) 
21.7 7.6 
PLA/PBS/C30BX  
(10 wt%) 
22.3 7.8 
 
 
 
